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Foreword to the Fifth Edition 


Two years have passed since the publication 
of the expanded fourth edition of this 
handbook, and the number of copies of all 
previous editions in the hands of engineers 
all over the world is now 80,000. 


Electro-Craft continues to grow. We now 
operate four ‘manufacturing plants in 
Hopkins and Winnebago, Minnesota, Amery, 
Wisconsin, and Santa Barbara, California. 
Today we offer the widest range of DC 
motors, tachometers, speed and position 
control systems, and optical encoders. We 
are the only company in the business that 
offers in-house capabilities in motors, 
electronics and encoders, enabling Electro- 
Craft to offer ‘‘system solutions’ to a wide 
variety of customer problems. Our current 
annualized rate of revenues is approximately 
$30 million. 


Since the last edition, we have significantly 
expanded our product offerings which is 
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reflected in the appropriate product section 
of this book. The Brushless Direct Current 
Motors (now marketed under the registered 
trademark, BRUDIC® ) are now in volume 
production. 


A major change in this edition is in Chapter 4 
which is rewritten and expanded with 
emphasis on switching amplifiers. The dis- 
cussion focusses on Pulse Width Modulated 
(PWM) amplifiers. This chapter now presents 
a simplified method of analyzing digital 
systems and includes theory and operation 
of control amplifiers and_ specifically 
microprocessor based systems. In keeping 
with the rapidly expanding uses for digital 
control methods from the computer 
industry to all types of industrial applica- 
tions, this major revision hopefully will be 
a benefit to a large number of readers. . 
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Foreword to the Fourth Edition 


Two and a half years have passed since the 
publication of the expanded third edition 
of this handbook. Now almost sixty thou- 
sand copies are in the hands of engineers 
all over the world. 


Many changes have taken place at Electro- 
Craft also. Since the third edition was 
published, the sales of Electro-Craft have 
doubled. Renco Corporation, a manufac- 
turer of optical encoders in Santa Barbara, 
California, was acquired. A fourth manu- 
facturing plant was opened in Amery, 
Wisconsin. Many new products and success- 
ful new applications were completed. 


Electro-Craft today offers the widest 
variety of DC Motors and Tachometers, 


speed Control Systems, Servo Amplifiers, 
Digital Positioning Systems, and Optical 
Encoders. 


The fourth edition has been expanded to 
a total of 550 pages. An entire chapter 
has been added describing the technology, 
application, and implementation of optical 
position encoders which are increasingly 
being used as digital position transducers 
in instrumentation and control systems. 
The product data has been completely 
updated and expanded to include our new 
range of Digital Positioning Systems 
(DPS). 


ELECTRO-CRAFT CORPORATION 
July 1978 oO 
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Foreword to the Third Edition 


Since its first publication back in 1972 
_Electro-Craft’s engineering handbook, ‘‘DC 
MOTORS - SPEED CONTROLS - SERVO 
SYSTEMS”, has become a standard refer- 
ence in the field of motor control. In all 
35,000 copies have been sold averaging 
about 1,000 per month. Many of these 
books are used by professional engineers 
to provide day to day assistance in their 
system design work, and many are playing 
a useful role in colleges and universities 
helping to train the engineers of the future. 


As a result of the continuous feedback 
received from users of this book, we have 
prepared a new, third edition, which has 
been expanded by about 100 pages to a 
total of little over 500. Apart from the 
correction of errors this new edition 
includes the following changes: 


Chapter 5— The application section has 
been expanded to include more applica- 


tions and notes on the application of the 
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new P6Q0O0 series servomotor control sys- 
tems. 


Chapter 6 — An entirely new chapter dis- 
cussing the new and exciting developments 
made by Electro-Craft in the field of DC 
Brushless Motors. 


Chapter 7 — Data sheets on Electro-Craft 
products have been revised, updated, and 
expanded. The new models now available 
in the MOTOMATIC range of Speed 
Controls, Servomotor Controls, and Digital 
Positioning Systems are described in full. 


Once again Electro-Craft Corporation cor- 
dially invites your comments and criticisms 
so that the next edition of this book will 
remain one of the foremost reference 
works in its field. 


ELECTRO-CRAFT CORPORATION 
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Foreword to the Second Edition 


Since October 1972, when the first edition 
of this book was published, we have distri- 
buted 15000 copies to interested engineers 
and designers. The overwhelming majority 
of the comments which we received from 
our readers have been favorable and com- 
plimentary to our effort for creating this 
book. We have also received some construc- 
tive criticism and requests for expanding the 
treatment and discussion on certain subjects. 
In preparing this expanded second edition, 
we have taken into account all these requests 
which we could accommodate. All the 
changes and additions enlarge this book by 
about 30 percent from the first edition to 
approximately 400 pages. 


Listed below are the nature of the various 
changes and additions by chapter: 


Chapter 7 - Recognizing the need for in- 
clusion of the metric system, we revised the 
Terminology and Symbols sections and have 
added the Systems of Units section. 


Chapter 2 - The treatment of Motor Equa- 
tions, Transfer Functions, Power Dissipation 
and Thermal Characteristics has beer re 
written and. expanded. 


Chapter 3 - Minor revisions. 


Chapter 4 - Servo Components treatment 
has been revised and expanded. The section 
on Servo Amplifiers has been rewritten, and 


a new section Phase-Locked Servo Systems 
has been added. 


Chapter 5 - The Applications section has 
been expanded, sections of Application Clas- 
sification and Specification, and Motor Selec- 
tion Criteria have been added. 


Chapter 6 - Data sheets on motors and 
amplifiers have been revised, updated and 
expanded. Electro-Craft’s new line of servo 
amplifiers is also presented in this chapter. 


Two new Appendices have been added; a 
description of the SI System of Units (Metric 
System) and a Units’ Conversion Factors 
and Tables. 


It is the continuing interest of the authors 
and editors of this engineering handbook to 
make it a most useful, relevant and informa- 
tive source of knowledge regarding all aspects 
of DC motors, speed controls and servo 
systems. To this end we again wish to solicit 
the constructive comments of our readers. 
These comments, together with the results 
of our continually expanding search for 
valuable, pertinent technical information, 
will be incorporated into future editions of 
this book. 


ELECTRO-CRAFT CORPORATION 


~ September 1973 OD 


Foreword to the First Edition 


THE ELECTRO-CRAFT STORY 


Electro-Craft is a growing, publicly held 
corporation started in 1960. For close to 
ten of these twelve years, the company has 
specialized in the development and manu- 
facture of fractional horsepower permanent 
magnet DC motors, generators and control 
amplifiers. 


In the early years, business centered around 
patented, integrally constructed motor-gen- 
erators and matching transistorized ‘‘Class 
A” control amplifiers, marketed under the 
MOTOMATIC® trademark. These smaller 
size, transistorized motor speed control sys- 
tems found their first applications mostly 
in office equipment, medical electronics, 
and instrumentation products. 


Over the years, the product line has ex- 
panded into larger sizes, higher performance 
servomotors, low ripple tachometer-gener- 
ators, and increasingly sophisticated servo 
control amplifiers to meet the growing de- 
mands of our customers. 


During the past decade, Electro-Craft has 
sold over half a million precision DC motors 
and controls to more than 1000 customers 
for approximately 300 different applications. 


There are many motor manufacturers who 
do not make matching controllers, and vice 
versa; Electro-Craft is one of the very few 


companies which make both. It is this 
special ‘‘system-oriented’’ approach, coupled 
with constant technological innovation, that 
is perhaps most responsible ‘for the com- 
pany’s success in the field. 


WHY THIS BOOK 


Around the turn of this century, AC motors 
won out over DC machines as the generally 
accepted sources of electric motive power. 
The deciding factor then was the state of 
technology and materials, rather than the 
inherent characteristics of each device. 


Automation and the need for controlled 
speed and torque, rather than just raw mo- 
tive power, have brought about a resurgent 
interest in the use of DC motors. High 
energy permanent magnets, epoxy resins, 
improved brushes and other new materials 
and technologies have also made possible 
DC machines which are more reliable, smaller 
and less expensive to produce. 


The combination of the above factors pro- 
duced a great deal of change during the last 
decade in the variety and performance of 
DC motors. The greatest innovation took 
place in the fractional horsepower sizes. The 
concurrent rapid advances in semiconductor 
technology, especially in low cost, high 
power SCR’s and transistors, facilitated the 
emergence of a variety of matching control 


amplifiers, from economy models to the 
very sophisticated ones. 


Due to this fast growth of technology, 
much of what is available today is not 
described in the standard textbooks. The 
purpose of this book is to offer a basic 
background in DC motors, speed controls 
and servo systems, and to describe new 
developments in the field. The presentation 
is aimed at the designer and user in industry, 
with emphasis on many practical problems 
from testing to applications engineering. 


The selection of the power drive system 
for an application is greatly facilitated by 
proper communication: a specific under- 
standing of the problem between the user 
and the manufacturer. Another aim of this 
book is to make this task simpler by 
attempting to share the accumulated techni- 
cal knowledge of our company, which has 
specialized in this field for the past decade. 


HOW TO USE THE BOOK 


This book was prepared as a compendium 
of articles on many related subjects. The 
editors made no attempt to homogenize 
the styles of the different authors. An 
effort was made, however, to make the 
chapters self-contained and to organize the 
subject matter in a meaningful way. The 


index and the definitions in Chapter 1 
should help the reader to decide how much 
background he needs to cover. 


some of the information presented is stan- 
dard reference material, and some probably 
will not be found elsewhere. Some chapters 
are quite theoretical, while others focus on 
the more practical ‘‘how to” aspects. 


This is a handbook which will probably be 
consulted as a reference as problems arise, 
rather than being read cover to cover as a 
student’s textbook. 


ABOUT THE AUTHORS 


Approximately twenty people contributed 
to the preparation of this book. They com- 
prise the technical staff of Electro-Craft, 
with backgrounds in design engineering, 
research and development, testing, teaching, 
systems development, sales, application en- 
gineering, and - most of all - practical prob- 
lem solving. The authors collectively have 
over 200 man-years of experience in DC 
motor and control technology. 


In addition to their regular daily work, the 
authors gave their time generously over the 
past year to make this book possible. 


ELECTRO-CRAFT CORPORATION Oo 


October 1972 
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Chapter 1 


Terminology, Symbols, Systems of Units 


1.1. TERMINOLOGY 


Acceleration, Maximum from Stall - the 
angular acceleration of an unloaded motor, 
initially at rest, when the peak armature 
current lok is applied. 


Ambient Temperature - the temperature of 
the cooling medium immediately surround- 
ing the motor or another device. 


Analog-to-Digital Converter - a device for 
converting a voltage level into a digital 
word. 


Armature Reaction - the production of a 
magnetic field shifted by 90 electrical de- 
grees with respect to the direction of stator 
magnetic field. This magnetic field is pro- 
duced by armature current. 


Bandwidth - the frequency range in which 
the magnitude of system gain expressed in 
dB is within the 3 dB band. 


BCD - a decimal notation in which the in- 


dividual decimal digits are each represented 


by a group of binary bits. Usually associ- 


ated with codes of four or more bits used 
to define the Arabic numbers O through 9. 


BIT - abbreviation of Binary Digit, a unit 
of information equal to 1 binary decision 
or having only a value O or 1. 


Block Diagram - a simplified representation 
of a system, with each component repre- 
sented by a block, and each block posi- 
tioned tn the order of signal flow through 
the system. 


Bode Plot - a plot of the magnitude of sys- 
tem gain in dB and the phase of system 
gain in degrees versus the sinusoidal input 
signal frequency in logarithmic scale. 


Boolean Equation - mathematical expres- 
sion of logic relationships, employing 
Boolean algebra. 


Break Frequency - the frequency (-ies) at 
which the asymptotes of the gain curve in 
the Bode plot intersect. 


Buffer - a circuit or component which 
isolates one electrical circuit from another. 


Byte - a single group of bits processed 
together, operated on as a unit. 


Characteristic Equation - the characteristic 
equation of a servo system is 1 + GH = 0 
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where G is the transfer function of the 
forward signal path and H is the transfer 
function of the feedback signal path. 


Circulating Current - the current in armature 
conductors which are short-circuited during 
commutation. 


Coding - the term used for naming quan- 
tized parts. In digital systems, all informa- 
tion is represented in schemes of binary or 
Boolean variables which take on either one 
of only two values. In general, we can 
say that with ‘‘n”’ Boolean variables, we can 
code 2" quanta. 


Cogging - the non-uniform rotation of a 
motor armature caused by the tendency of 
the armature to prefer certain discrete 
angular positions. 


Coupling Ratio - a general term to define 
the relative motion between motor armature 
and the driven load. 


Critical Damping - a critically damped sys- 
tem’s response to a step disturbance is the 
return to its equilibrium state without over- 
shooting the equilibrium state in minimum 
possible time. 


Crossover Frequency - the frequency at 
which the magnitude of the product of the 
forward path gain and the feedback path 
gain is unity. | 


Damping (in servo theory) - a term to des- 
cribe the amplitude decay of an oscillatory 
signal. 
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Damping Ratio - a measure of system 
damping expressed as the ratio between the 
actual damping and the critical damping. 


Dead Band - a range of input signals for 
which there is no system response. 


Decibel (dB) -a measure of system gain (A). 
Agp = 20 log, 9A 


Dielectric Test - a high voltage test of the 
motor insulation ability to withstand an 
AC voltage. Test criterion limits the leakage 
current to a specified maximum at test 
voltage of specified magnitude and fre- 
quency, applied between the motor case 
and winding. 


Digital-to-Analog Converter - A device for 
converting a digital word into an analog 
voltage. 


D/P - abbreviation for dual-in-line package. 


Duty Cycle - the ratio of operating time to 
total cycle time. 


Operating Time 


Duty Cycle=-Grerating Time + Off Time 


Dynamic Braking - a method for braking a 
DC servomotor by controlling armature 
current during deceleration. 


ECL - Emitter-Coupled Logic 


Efficiency - the ratio of output power to 
input power. 


Electrical Time Constant - the electrical 
time constant of a DC servomotor is the 
ratio of armature inductance to armature 
resistance. 


Enable - an input which, when true, allows 
the circuit to function. 


Encoder - a device for translating mechani- 
cal motion into a unique electronic signal 
or combination of signals. 


Fall Time - the time for the amplitude of 
system response to decay to 37% of its 
steady-state value after the removal of 
steady-state forcing signal. 


Fan-Out - the number of gates one gate 
can drive. 


Field Weakening - a method of increasing 
the speed of a wound field motor: re- 
ducing stator magnetic field intensity by 
reducing magnet winding current. 


Flutter - flutter is an error of the basic 
cycle of encoder per one revolution. 


Flux Biasing - a method for controlling the 
torque constant of a servomotor by varying 
the magnetic field intensity of a separate 
wound field assembly. 


Form Factor - the form factor of aharmonic 
signal is the ratio of its RMS value to its 
average value in one half-wave. 


Full Load Current - the armature current 
of a motor operated at its full load torque 
and speed with rated voltage applied. 


Full Load Speed - the speed of a motor 
Operated with rated voltage and full load 
torque. 


Gain - the ratio of system output signal to 
system input signal. 


Gain Margin - the magnitude of the system 
gain at the frequency for which the phase 
angle of the product of the forward path 
and feedback path gains is —180°. 


Gate - a logic circuit having 2 or more in- 
puts, the output state of which depends 
upon the combination of logic signals at 
the inputs. 


Hunting - the oscillation of system response 
about theoretical steady-state value due to 
insufficient damping. 


Hysteresis - the difference between the 
reponse of a system to an increasing and a 
decreasing input signal. 


IC - abbreviation for integrated circuit. 


Incremental Motion System - a control sys- 
tem which changes the load position in 
discrete steps rapidly and _ repetitively. 


Inertial Match - an inertial match between 
motor and load is obtained by selecting the 
coupling ratio such that the load moment 
of inertia referred to the motor shaft is 
equal to the motor moment of inertia. 


Inhibit - an input which, when true, pre- 
vents the circuit from functioning. 
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Inverter - a logic gate in which the output 
signal is the logic inversion of the input 
signal. | 


Lag Network - an electrical network which 
increases the delay between system input 
signal and system output signal. 


Lead Network - an electrical network 
which decreases the delay between system 
input, signal and system output signal. 


Lead Screw - a device for translating rotary 
motion into linear motion, consisting of an 
externally threaded screw and an internally 
threaded carriage (nut). 


Lead Screw, Ball - a \ead screw which has 
its threads formed as a ball bearing race; 
the carriage contains a circulating supply of 
balls for increased efficiency. 


Least Significant Bit - the bit in a number 
that is the least important or having the 
least weight. 


LED - Light Emitting Diode. 


Linearity - for a speed control system It Is 
the maximum deviation between actual and 
set speed expressed as a percentage of set 
speed. 


Loop Gain - the product of the forward 
path and feedback path gains. 


Mechanical Time Constant - the time for an 
unloaded motor to reach 63.2% of its final 
velocity after the application of a DC 
armature voltage. 
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Moire Fringe - the third optical pattern 
created by two like images being nearly 
superimposed on one another. The third or 
fringe pattern is often used in high resolu- 
tion optical encoders to serve as the mask 
or window to electrically displace the 
sensor signals. | 


Monolithic - existing as one large undif- 
ferentiated whole. In electronics, this refers 
to a circuit built on one semiconductor 
chip. 


Monostrophic Code - a binary code in 
which only one bit changes between any 
two adjacent code positions. 


Most Significant Bit - the bit in a number 
that is the most important or that has the 
most weight. 


MOS and CMOS - Metal Oxide Semicon- 
ductor and Complementary MOS. 


Motor Constant - the ratio of the motor 
torque to motor input power. 


Negative Logic - a form of electronic 
logic circuits in which the more positive 
voltage level represents logic QO and the 
more negative voltage level represents 
logic 1. 


No Load Speed - motor speed with no 
external load. 


Parallel Data - all the bits are available 
simultaneously. 


Phase and Phase Angle - the separation in 
electrical degrees between any specified 
transitions of any two channels of an 
encoder. 


Phase-Locked Servo System - a_ hybrid 
control system in which the output of an 
optical tachometer is compared to a 
reference square wave signal to generate a 
system error signal proportional to both 
shaft velocity and position errors. 


Phase Margin - the phase angle of the loop 
gain minus 180° at the crossover frequency. 


Pole - a term of root locus plotting for the 
frequency(-ies) at which system gain goes 
to infinity. 


Polystrophic Code - a binary code in which 
two or more bits are changed simultaneously 
when going from one adjacent code position 
to another. 


Positive Logic - a form of electronic logic 
circuit in which the more positive voltage 
level represents logic 1 and more negative 
voltage level represents logic O. 


Propagation Delay - the time required for 
a circuit Output to go to the state de- 
manded by the inputs. Alternatively, the 
time required for a signal to travel from 
one point in a circuit (or signal channel) 
to another point. 


Pull-Down Resistor - a resistor connected 
between the negative supply voltage or 
ground of an analog or logic circuit and the 
circuit input or output terminal. 


Pull-Up Resistor - a resistor connected 
between the positive supply voltage of an 
analog or logic circuit and the circuit input 
or output terminal. 


Quantization - The process of breaking up a 
continuous variable into discrete quanta or 
parts. 


Quantizing Error - the inherent fixed error 
associated with digitizing an analog variable 
in that a continuous form of data is being 
replaced by noncontinuous increments. 


Resolution - the number of unique electri- 
cally identified positions occuring in 360° 
of input shaft rotation for rotary encoders, 
or per unit of linear displacement, i.e., 
positions per inch, millimeter, for linear 
encoders. 


Ringing - a dampened oscillation in a sys- 
tem as a result of a sudden change in state. 


Rise Time - the time required for a signal to 
rise from 10% of its final value to 90% 
of its final value. 


Slew Speed (Encoders) - the maximum 
velocity at which an encoder will be re- 
quired to perform. 


Speed Regulation - for a speed control sys- 
tem, speed regulation is the variation in 
actual speed expressed as a percentage of 
set speed. 


Speed Regulation Constant - the slope of 
the motor speed-torque characteristic. 
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Symmetry - the relative duty cycles of the 
“1 and “O” states of a square wave. 
Equal duty cycles would. be said to have 
“50/50” symmetry. 


System Order - the degree of the system 
characteristic equation. 


System Stiffness - a measure of system 
accuracy when subjected to disturbance 
signals. 


System Type - is given by the number of 
poles located at the origin of the loop gain 
characteristic in the complex plane. 


Torque Ripple - the cyclical variation of 
generated torque at a frequency given by 
the product of motor angular velocity and 
number of commutator segments. 


Transfer Function - the ratio of the Laplace 
transforms of system output signal and sys- 
tem input signal. 


TTL - Transistor-Transistor Logic or TAL. 


“U” Scan - a parallel reading method for 
preventing ambiguity in the readout of 
polystrophic codes at the code position 
transition. 


“VY Scan - a serial reading method for 
preventing ambiguity in the readout of 
polystrophic codes at the code position 
transitions. 


Zero - a term of root locus plotting for the 
frequency(-ies) at which system gain goes 
to zero. 


1.2. SYMBOLS FOR QUANTITIES AND THEIR UNITS 


linear acceleration a 


gain 


gain expressed in dB 


alternating current 
magnetic flux density line/in2 
capacitance 
clockwise rotation 


counterclockwise rotation 


Tp 


WwW 


Nm/rad s~ | oz-in/rad s7 | | 


viscous damping factor D = 


decibel 

direct current 

(2.71828) base of natural logarithms 
internal voltage (emf) 


internally generated voltage (counter emf) 
E, =Kpe -n 


frequency Hz, c/s, cps 
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isymbol | 


definition 


real function of time 


| Laplace transform of f(t) 


force 
friction force 


(9.80665 m/s2 or 386.09 in/s@) standard 


gravitational acceleration 


| motor transfer function 


magnetic field intensity (magnetizing force) 
current (instantaneous value) 


current 


| armature current 


maximum armature pulse current to avoid 
demagnetization 


armature current at no load 
peak current 

( \/-1) imaginary operator 
moment of inertia 


capstan moment of inertia 


load moment of inertia 


ee 


A-turn/in 


Oz-in-s 
OZ-IN-S 


Oz-in-s 


i definition ee 


armature (rotating part of motor) moment kg m2 oz-in-s2 


of inertia 


damping constant (not equal to D) Nm/krpm oz-in/krpm 


V/krpm, V/krpm, 
V/rad s~1 V/rad s— 1 


voltage constant 


motor constant Nm/W oz-in/W 


torque constant Nm/A oz-in/A 
length 

inductance 

armature inductance 

mass 

rotational speed, shaft speed 
shaft speed at no load 


V 
n = 
O Ke 


a) gear ratio (coupling ratio) 
b) number of coil turns 


a) number of poles 
b) pole of transfer function 


a) power 


b) lead screw pitch turns/in 


1-9 — 


input power 
power loss P, = 
output power 
thermal flux 
permanent magnet 


power rate oz-in/s2 


radius 


a) resistance 
b) motor terminal resistance R= R, + Rb 


armature winding resistance 
brush resistance 


speed regulation constant 


krpm/Nm krpm/oz-in 


thermal resistance OC/W °C/W 
Laplace operator s=oa + Jw 
international system of units (metric system) 


time 


time interval 


quantity 
symbol definition ee 


fall time 


rise time 
settling time 


(1.697, ) theoretical reversing time - time 


interval from full speed in one direction to 
63.2% of full speed in reverse direction, when 
motor supply voltage is stepwise reversed 


torque oz-in, Ib-in 


accelerating torque oz-in 


damping torque T, =D -w oz-in 


internal friction torque oz-in 


internally generated torque 


Tg=TotTy+Tp 


internally generated torque at stall 
Tas = Lie Ts 


load torque 
rated load torque 


motor opposing torque. 
Ma Ts a Tp 


motor output torque 
Loc Ty -T,p-Tp=T, tT, 


quantity | nit symbor —_] 


motor output torque at stall 
Tos = Ts LF 
peak torque Tok = Kelok 


jnexe velocity v = 
inear velocity v = = 
voltage (instantaneous value) 


a) voltage 
b) motor terminal voltage 


maximum terminal voltage a motor can with- 
stand at stall to avoid demagnetization 
Vad = lad R 


voltage drop across brushes 


| peak voltage 


ripple voltage 


supply voltage 

| weight 

energy (work) 

linear displacement 
rectangular coordinates. 
reactance 

zero of transfer function 


impedance 


quantity | | | unit symbol | 
symbol definition ee ce 


: dw 
angular acceleration a = To 


maximum theoretical acceleration from stall 


: KSI ake LF 


permittivity (dielectrical constant) 
€=e€, €, in Sl system 


(8.85416 x 10°'2 F/m) permittivity of vacuum 


relative permittivity 


damping ratio 


efficiency 


angular displacement 


temperature 


armature temperature 0, = On + 0, 


ambient temperature 


case temperature 


motor housing temperature 


temperature rise 


permeability 
=H, My in SI system 


(1.25664 x 10° H/m) permeability of vacuum 
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quantity | | unit symbol | 


relative permeability 

density of material 0z(mass)/in? | 
real part of s 

time constant 

electrical time constant 

mechanical time constant 

thermal time constant 

phase angle 

magnetic flux 


temperature coefficient of resistance 
WV) = 0.00415 (aluminum) 


Vey = 0.00393 (copper) 


| dé 
a) angular velocity w= or 


b) angular frequency 


c) imaginary part of s 


angular degree 


1.3. SYSTEMS OF UNITS 


The U.S.A. has been a member nation of 
the Metric Convention since 1875, but 
until recently, except for sporadic use of 
metric units in science and part of industry, 
the United States was the only industrial- 
ized nation which has not established a 
national policy committing itself to the use 
of metric system. 


Since 1972, however, the situation has 
dramatically changed. The Senate Com- 
merce Committee passed legislation which 
will convert the United States to the use 
of international system (SI) of metric 
measurement. The bill does not establish 
a mandatory date for the change, but does 
set the conversion to the metric system 
within ten years as a national goal. 


Finally, the Metric Conversion Act became 
a Public Law 94-168 on December 23, 1975. 


The editors felt the necessity to update the 
handbook also in this respect. Therefore, 
the Appendix A.1. introduces a compre- 
hensive description of SI system and 
explaines its basic philosophy. 


Further, all equations in the book are pre- 
sented in SI units and, where necessary, in 
British units at the same time. Finally, the 
reader can find exact conversion factors 
between SI and British units in Appendix 
A.2. 


The British system of units is used in this 
book in its technical form, briefly explained 
in Appendix A.2. Therefore, the units 02 
and /6 throughout the book are units of 
force unless otherwise specified. 


To help the reader keep both SI and British 
units in order, all important equations in 
the book are provided with a listing of 
units to be used. The following example: 


P=Tw [W:Nm, rad/s] 


shows that this equation is correct only if 
the torque is expressed in newtonmetres, 
angular velocity in radians per second, and 
power in watts. If other units are used, a 
conversion factor must be_ introduced. 


Chapter 2 
DC Motors and Generators 


2.1. BASIC THEORY 
HISTORICAL BACKGROUND 


The direct current (DC) motor is one of the 
first machines devised to convert electrical 
power into mechanical power. Its origin 
can be traced to disc-type machines con- 
ceived and tested by Michael Faraday, the 
experimenter who formulated the funda- 
mental concepts of electromagnetism. 


Faraday’s primitive design was quickly im- 
proved upon; and many DC machines were 
built in the 1880's when DC was the princi- 
pal form of electric power generation. With 
the advent of 60 Hz AC as the electric 
power standard in the United States and 
50 Hz in Europe, and invention of the in- 
duction motor with its lower manufacturing 
costs, the DC machine became less impor- 
tant. In recent years, the use of DC ma- 
chines has become almost exclusively asso- 
ciated with applications where the unique 
characteristics of the DC motor (e.g., high 
starting torque for traction motor applica- 
tion) justify its cost, or where portable 
equipment must be run from a DC (or 
battery) power supply. 


The ease with which the DC motor lends 
itself to speed control has long been recog- 
nized. Compatibility with the new thyristor 
(SCR) and transistor amplifiers, plus better 
performance due to the availability of new 


improved materials in magnets, brushes and 
epoxies, has also revitalized interest in DC 
machines. The need for new high-perfor- 
mance motors with highly sophisticated 
capabilities has produced a superabundance 
of new shapes and sizes quite unlike DC 
machines of 10 years ago. 


CONCEPT OF TORQUE AND POWER 


An understanding of electro-mechanical 
energy conversion, as exemplified by a 
motor, is based upon acquaintance with 
several fundamental concepts from the field 
of mechanics. 


The first concept is that of torque. If a 
force is applied to a lever which is free to 
pivot about a fixed point, the lever, unless 
restrained, will rotate. The motive action 
for this rotation, termed torque, is defined 
as the product of force and the perpen- 
dicular distance from the pivot to the force 
vector. This concept is illustrated in Fig. 
2.1.1. 


Referring to Fig. 2.1.1, it can be seen that 
by applying this definition we can write an 
equation for torque (T) so that: 


[Nm;N, m] (2.1.1) 
or  [oz-in;0z,in] 
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y) 


od 


force (F) 


pivot point 


Fig. 2.1.1 Applying a force F to a lever with 
radius r will produce a torque equal to F-r at the 
pivot point. 


If several forces of different magnitudes are 
applied at different points along the lever, a 
resultant torque can be calculated. <A 
counterclockwise torque direction will be 
adopted as the positive one, clockwise will 
be negative, and resultant torque will then 
be the sum of all the torques applied to the 
lever with the appropriate plus or minus 
signs assigned to each of the F, - r, products. 
Then if we look at Fig. 2.1.2, the resultant 
torque can be written as: 


—T=2 (Fen) (2.1.2) 


T= Fir, — Fory — Ferg (2.1.3) 


This definition of torque, while elementary, 
nevertheless correctly describes the turning 
moment which can be observed at the out- 
put shaft of an electric motor at stall. The 
measurable shaft output torque is the re- 
sultant one that occurs after the various 
negative torques (bearing and brush friction 
torque, gear friction torque, etc.) are sub- 
tracted from the developed electromagnetic 
torque. 
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Fig. 2.1.2. The resultant torque of several applied 
forces at various radii is the sum of all torques 
applied with appropriate plus and minus signs. 


Having established the concept of torque 
it is then necessary to develop an under- 
standing of power which is defined as the 
rate at which work is done or energy is 
expended. 


Work (or energy) can be also defined in 
terms of torque acting through a given dis- 
placement. If a torque T acts through an 
angle @, as shown in Fig. 2.1.3, the work 
performed will be: 

W=T-0 [J; Nm, rad] (2.1.4) 
or [oz-in; oz-in, rad] 


If the above work W is performed in the 
time interval t, we can describe the power 
expended as: 


p-W _1-0 
t 


= a [W:Nm,rad,s] (2.1.5! 


Fig. 2.1.3. Work, defined as a torque acting 
through a given angular displacement. 


LAW OF ELECTROMAGNETIC INDUCTION 


lf a current-carrying conductor is placed in 
a magnetic field, a force will act upon it. 
The magnitude of this force is a function 
of the magnetic flux density, B, the current, 
I, and the orientation of the field and current 
vectors. Referring to Fig. 2.1.4, the force 
acting upon the conductor can be written 
as: 


77 Magnetic field 


Fe iain 


Fig. 2.1.4. A current-carrying conductor in a mag- 
netic field experiences a force acting upon it. 


F=BLI [N;:T,m, Al (2.1.6) 
where L is the length of the conductor. 


The direction in which force on a conduc- 
tor will act is a function of the direction 
of current and magnetic field vectors. 


Vector notation is a convenient means of 
including the directional information in an 
expression for force. If the conductor is 
considered to be of unit length, electro 
magnetic force can be written as the cross 
product of two vectors: 


F=I!I1xB (2.1.7) 
or 


|F| = |I| |B] sin 0 (2.1.8) 


Since two vectors, B and I, will determine 
a plane, their vector product will be a vector, 
perpendicular to the plane, and will be pro- 
portional to the sine of the angle between 
them. This is shown in Fig. 2.1.5. The 
analogy of the ‘‘screw’’ can also be used to 
determine the direction. The force vector 
will point in the direction that a right hand 
screw advances when its head is rotated from 
the current vector, |, towards the magnetic 
flux density vector, B. 


The exact opposite effect on the foregoing 
discussion is also observed: if a conductor 
was moved through a magnetic field, an 
electric voltage appeared (or was generated) 
across the conductor. 
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F=Ix 6B 


Magnetic field 


Conductive disc 


I 
Fig. 2.1.5. The direction of the force on a current 
carrying conductor is perpendicular to the plane 
determined by the current and field vectors. 


The magnitude of this generated voltage, 
E, was found to depend upon magnetic 
flux density, B, length of conductor, L, 
and speed of the conductor, v, as it moved 
through the field. An expression for the 
generated voltage is: 


E=BLv [V:T,m,m/s] (2.1.9) 


_ It occured to Faraday that the best way to 
obtain a useful function from the electro- 
magnetic effect was to make the conductors 
a part of a rotational body by fixing them 
to a shaft which could turn continuously 
through a magnetic field. The problem of 
introducing current (motor action) or pick- 
ing off a voltage (generator action) was 
solved by the use of sliding contacts called 
brushes. The type of machine built by 
Faraday (Fig. 2.1.6) would today be called 
a homo-polar (single pole) machine, and 
with other design improvements is used to 
provide large currents at low voltages. 
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Za. contacts 


Fig. 2.1.6. An example of the type of machine 
built by Faraday in the 1880's would be this single 
pole, or homo-polar machine as it would be called 
today. 


A rudimentary DC motor can be seen to be 
comprised of three main parts: current- 
carrying conductors called an armature; a 
circuit for magnetic field to provide the 
means for energy conversion, which can be 


_ provided either by permanent magnets or 


by electromagnets (for the ‘‘wound-field’’ 
motors); some type of s/iding contact 
arrangement for introducing current to 
moving conductors (usually carbon brushes 
and commutator). 


MAGNETIC CIRCUIT PRINCIPLES 


Since electric motor design is based upon 
the placement of conductors in magnetic 
field, a discussion of magnetic circuit prin- 


ciples will help understand motor action. 


Magnetomotive Force (mmf) 


If a conductor were wound into a coil with 
many turns, the magnetic contribution of 


each individual turn would add to the mag- 


netic field intensity which exists in the 
space enclosed by the coil. In this way, 
extremely strong magnetic fields can be 
developed. The force which acts to push 
the magnetic flux through a space is called 
variously magnetomotance, magnetomotive 
force, or simply mmf. The unit of mmf is 
A-turn and its dimension is [A]. Thus, 
coils with 10 turns and 2 A, or 5 turns and 
4 Awill each develop a magnetomotance of 
20 A-turn. 


Magnetic Flux (®) 


The term magnetic flux is used to describe 
“how much magnetism” there is in the space 
around a coil or permanent magnet, or in 
the air gap of a motor. The unit of mag- 
netic flux is the /ine (or 1 kilo-line = 10° 
lines) in the British system or the weber 
in the SI system. One weber is equal to 
108 lines. 


Magnetic Flux Density (B) 


Magnetic flux density is a measure of con- 
centration of magnetic flux in an area. It is 
defined as the ratio of total flux to the 
given area and is specified in terms of /ines 
per square inch in the British system. The 
SI unit for magnetic flux density is the 
tesla and is equal to one weber per square 
meter. 


Permeability (u) 


Permeability is the degree to which a me- 
dium will support a magnetic field, also 
stated as the ease with which flux will 
penetrate a medium. The unit of perme- 
ability is /ine per A-turn/in in the British 
system. In the SI system the permeabiltiy 
is given as the product 


M = My My 


where yp, is the permeability of vacuum 
[H/m] and y, is the relative permeability. 
The relative permeability is used to describe 
the ability of different materials to support 
magnetic fields. Vacuum or air has a 
relative permeability of one, while ferro- 
magnetic materials such as cold-rolled steel 
will have a relative permeability of several 
hundred. This means that for a given value 
of mmf, a magnetic circuit which contains 
iron may have several hundred times the 
flux of one constructed with non-ferrous 
materials. This is the reason most motors 
are built with steel materials. 


Magnetic Field Intensity (H) 


Magnetic field intensity has the properties 


of a gradient and gives an indication of how 


a mmf is used up around a magnetic circuit. 
The unit of magnetic field intensity is 
A-turn/in in the British system and A/m in 
the SI system. 


This discussion of electromagnetism is por- 
trayed in Fig. 2.1.7a and 2.1.7b. In Fig. 
2.1./a a coil of N turns is excited by the 
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Fig. 2.1.7a. With air surrounding N turns of wire, 
the magnetic flux is ®, 


current I. The resultant flux is ®,. If the 
same coil is now placed around an iron core 
with relative permeability M,, as shown in 
Fig. 2.1.7b, the magnetic field conditions 
will change greatly, with flux increasing to 
®, = U.P,. 


WORKING EQUATIONS FOR VOLTAGE 
AND TORQUE 


Voltage 


Using the laws outlined previously useful 
expressions can be derived to describe such 
machine characteristics as torque and gen- 
erated voltage in terms of design parameters 
(e.g., number of conductors, magnet size, 
etc.). We will first derive an expression for 
generated voltage using the equation E = Blv 
(the voltage generated in a single conductor) 
as a starting point. 


Velocity v of an armature conductor can 
be rewritten as: 
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lron core 


Fig. 2.1.7b. If N turns of wire are placed around 
an iron core with relative permeability M, the 
magnetic flux is increased [, - times. 


V=rw [m/s; m, rad/s] (2.1.10) 


where w is angular velocity, and r is radius 
of rotation. 


The magnetic flux density B can be re- 
written in terms of pole flux and area: 


B => [T: Wb, m2] (2.1.11) 
; | 
A = = Im2: m, m, —] (2.1.12) 
where 


r isthe radius of rotation of the armature 
L is the length of the conductor 


p is the number of poles. 


Then, the generated voltage per conductor 
will be: 


, @ 
E -_— [V:Wb, —, rad/s] (2.1.13) 


lf there are many conductors (z) moving 
through the field, their cumulative effect 
will be z-times the above voltage. 


© 
E =o PY iv:-—. Wb, —, rad/s] (2.1.14) 
27 
or 
pn 
p= == [V:—, Wb, — rpm] (2.1.15) 


Finally, if we introduce the factor n, the 
number of parallel conductor paths in the 
armature, the average generated voltage will 
be: 


|) [V;Wb, rom] (2.1.16) 


60 n 


in the SI system, or 


E = ee n  {[V; lines, rom] 
60-108 n’ 
(2.1.17) 


in the British system. 


The quantity enclosed in brackets in (2.1.16) 
and (2.1.17) will be a design constant and is 
commonly called the voltage constant, Ke, 
of the motor. It isan important motor (or 
generator) characteristic since it will deter- 
mine the speed of the motor at a given 
value of applied voltage. Using the new 
motor parameter the voltage equation be- 
comes: 


[V; V/krpm, krpm] 
(2.1.18) 


Torque 


The basic equation for torque is derived 
from the equation for force (F = BZI) ina 
manner similar to that used in obtaining 
the voltage equation. After the appropriate 
substitutions are made, we obtain the fol- 
lowing expression for torque: 


T 2] | [Nm;Wb, A] (2.1.19) 


If it is desired to express the torque and 
magnetic flux in British units, a conversion 
factor must be introduced and (2.1.19) then 
becomes: 


® 
T= 25 x 1077 a | (2.1.20) 


[oz—in: lines, A] 


The quantity in brackets in (2.1.19) and 
(2.1.20) will also be a constant for a given 
motor design and is called the torque con- 
stant, K,, of the motor. Substituting, the 
torque equation becomes: 


T= Ky! [Nm;Nm/A, A] (2.1.21) 
or 


[oz—in; oz—in/A, A] 


lf the torque and voltage equation are each 
solved for a common factor, the pole flux, 
@, and the results equated, we obtain other 
useful relationships: 


K,=Ke = [Nm/A; V/rad s'] (2.1.22) 
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K, = 9.5493 x 1073 K, (2.1.23) 
[Nm/A; V/krpm] 
K, = 1.3524 Ke (2.1.24) 
[oz—in/A; V/krpm] 
COMMUTATION 


A practical machine based upon the prin- 
ciples discussed earlier, for maximum per- 
formance and minimum cost, must get many 
conductors into the magnetic field existing 
around its armature. This allows the cumu- 
lative effect of many conductors to add to 
the output torque and/or voltage character- 
istic of the machine. A practical machine 
will therefore have the entire armature sur- 
face covered with conductors. Or, as in 
the case with conventionally constructed 
motors, the conductors are placed in deep 
slots of an iron laminated rotor structure. 
In either case, there are many conductors 
enveloping the entire periphery of the rotor 
structure. This multiplicity of conductors 
leads to another constructional feature of 
the motor: the commutator. 


Recalling the vector diagram of Fig. 2.1.5, 
it was seen that in order to have the force 
vector F remain constant in magnitude and 
direction, it is necessary to have the vectors 
B and | remain fixed in space with respect 
to each other. This condition is not met 
if direction of current through the con- 
ductors were to remain as the rotor turns 
on its axis of rotation. In Fig. 2.1.8, current 
flowing into the paper is indicated by a 
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Resultant field of 
armature current 


Fig. 2.1.8. By means of a commutator switching 
current in the rotor, the vector of resultant electro- 
magnetic field remains fixed in space. 


circled x, while current flow out of the 
paper is indicated by a circled dot. The 
rotor member shown in Fig. 2.1.8 has six 
full pitch coils equally spaced around its 
periphery. 


As the rotor turns, the resultant electro- 
magnetic field will rotate with it unless 
some provision is made to switch the direc- 
tion of current in individual coils as they 
pass a fixed point in space. This switching 
is accomplished by means of a commutator. 
The most commonly used commutator Is a 
cylinder, consisting of segments of conduc- 
tive material (usually copper) interspersed 
with, and insulated from one another, by 
an insulating material, as shown in Fig. 
2.1.9. 


Conductive material 


2\nsulating material 


Fig. 2.1.9. The end view of a commutator showing 
the interspersing of conductive and insulating 
materials. 


CW rotation 


Fig. 2.1.10. A representation of current flow 
through a motor armature. 


The machine conductors (which constitute 
the armature) are connected in sequence to 
segments of the commutator. The con- 
nection of the coils to the commutator is 
shown symbolically in Fig. 2.1.10. 


Current flow ts in at brush A and out at 
brush B. The small radially oriented arrows 
show current direction in the individual 
coil sides. If the rotation is clockwise, it 
can be seen that 1/6 of a revolution after 
the instant shown, the current in coils 


3-3’ and 6-6’ will have changed directions. 
As successive commutator segments pass 
under the brushes, their current directions 
will also change. Asa result of this switch- 
ing (commutation), current flow. in the 
armature occupies a fixed position in space 
independent of rotation and a steady uni- 
directional torque will result. 


Referring again to Fig. 2.1.10, it can be 
seen that at an instant of time, each of the 
brushes may be contacting two adjacent 
commutator segments. At this condition 
the coil connected to those two segments 
will be “‘shorted” through the brush. The 
result is a short circuit current through the 
coil. In some cases this short circuit current 
can produce undesirable vibration. 


By action of the commutator, the wound 
armature of the DC motor can be regarded, 
as shown in Fig. 2.1.11, as a wound core 
with an axis of magnetization fixed in space. 


The axis of magnetization is determined by 
the position of the brushes and for this 
reason is also called the brush axis. In order 
for a motor to be bidirectional, i.e., have 
equal characteristics for both directions of 
rotation, the brush axis must be at an angle 
of 90 electrical degrees with the main field, 
in a position called the neutral position or 
neutral axis. Most DC motors are built so 
that the structure holding the brushes can 
be rotated over a limited range. Then after 
the motor is assembled, the brush axis can 
be adjusted to the neutral position by actual 
observance of machine characteristics. Ifa 
machine is not required to function in a bi- 
directional role, it is possible to move the 
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brush axis sightly off the neutral position 
so that commutation is optimum for one 


Main field 


direction of rotation. 


Axis of magnetization 
determined by position 
of brushes 


Fig. 2.1.11. The brush axis, or neutral axis of a 
motor is determined by the position of the brushes. 
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2.2. MOTOR COMPARISON 


There are two large families of DC motors, 
the integral horsepower types having power 
ratings of one horsepower or more, and the 
fractional horsepower motors, with power 
ratings of less than one horsepower. For 
the purposes of this manual, we will confine 
Our considerations to the latter classifica- 
tion. 


Fractional horsepower DC motors can be 
subdivided into types based on the type of 
motor magnetic field employed (permanent 
magnet, or wound in straight series, split 
series, shunt, compound), with further de- 
lineation based on duty cycle (continuous 
or intermittent), cooling method or enclo- 
sure (fan-cooled, no cooling, closed frame, 
open frame), and by hot-spot temperature 
(the hottest part of the motor insulation). 


GENERAL DESCRIPTION 


The class of fractional horsepower DC mo- 
tors which utilize e/ectromagnets to gener- 
ate the stator magnetic field are called 
wound-field motors. The electromagnets 
can be energized individually or in conjunc- 
tion with the armature. When the electro- 
magnets are energized in conjunction with 
the armature, the motors are known as 
self-excited motors. Various configurations 
of electromagnet windings for the self- 
excited motors are possible, such as: series, 
shunt, or compound. 


The class of fractional horsepower DC mo- 
tors which utilize permanent magnets differs 


from wound-field types in that no external 
power is required in the stator structure. 
These various motors are described and 
compared below. 


Wound-Field Motors 


Straight-series motors provide very large 
torque at start-up due to their use of coils 
in series with the armature to produce the 
stator magnetic flux. Because the field 
winding carries the full armature current, 
it consists of a few turns of heavy gage wire. 
As motor speed increases, current reduces 
and so does the stator magnetic flux. This 
in turn causes another increase in the motor 
speed. Under no-load conditions this type 
of motor could theoretically run away be- 
cause of the steep speed curve, but internal 
friction and losses in the windings provide 
sufficient load to hold motor speed within 
safe operating limits. 


The straight-series motor is usually em- 
ployed where large starting torques are 
required. A typical straight-series motor is 
shown in Fig. 2.2.1, along with its speed- 
torque curve. 


Split-series motors are quite similar to 
straight-series motors, except that they have 
two field coils, oppositely connected. This 
feature accommodates applications where 
rapid polarity switching is desired for rapid 
changes of direction. A _ representative 
application for motors of this type is their 
use in aircraft actuators. A typical split- 
series motor is shown in Fig. 2.2.2. 


Shunt motors have armature and field coils 
connected in parallel. Line current in the 
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Field winding 


Speed 


Current 


Current, Speed ———t 


Torque ————_ 
Fig. 2.2.1. Straight-series motor. 


armature is a function of the load configura- 
tion. The shunt motor has in the past 
been popular for both fixed speed and 


CCW Field winding 


CW Field winding 


Current,Speead ——> 


Torque ———_> 


Fig. 2.2.2. Split-series motor. 
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Field winding 


Speed 


Current 


Current, Speed-————3> 


Torque -————3> 
Fig. 2.2.3. Typical shunt motor. 


variable speed applications. The torque- 
speed characteristics are non-linear at higher 
current levels, as shown in Fig. 2.2.3. 


Compound motors have both series and 
shunt field windings. When the series 
winding aids the shunt winding, the motor 
is termed a ‘‘cumulative compound” motor, 
and when the series winding opposes the 
shunt winding, the motor is termed a_ 
“differential compound” motor. In general, 
small compound motors have a strong shunt 
field and a weak series field to help start 
the motor. | 


The compound motor exhibits high starting 
torqueand relatively flat speed-torque char- 
acteristic at rated load. In reversing appli- 
cations, the polarity of both fields, or of 


the armature, must be switched. Because 
rather complex circuits are required for 
control, most compound motors built are 
large bidirectional types. A typical com- 
pound motor is shown in Fig. 2.2.4. 


Series field winding 


Shunt field 
winding 


Speed 


Current 


Current, Speed ————® 


Torque ———& 


Fig. 2.2.4. Typical compound motor. 


Permanent Magnet Motors 


Since the stator magnetic field of Permanent 
Magnet (PM) motors is generated by per- 
manent magnets, no power is used in the 
field structure. The stator magnetic flux 
remains essentially constant at all levels of 
armature current and, therefore, the speed- 
torque curve of the PM motor ts linear over 
an extended range (see Fig. 2.2.5). With 


Speed 

0 

® 

® 

Q. 

” 

es Current 
os 

i 

a ] 

O 

Torque ———-> 


Fig. 2.2.5. Typical permanent magnet motor. 


modern ceramic magnets, the stalled torque 
will tend to be higher and the speed-torque 
curve will tend to be more linear than for a 
comparable wound-field motor. 

A comparison of a permanent magnet motor 
and a shunt motor is shown in Fig. 2.2.6. 
Note the non-linear characteristic of the 
wound- field motor at higher torque levels. 


The reason for the non-linear torque-speed 
curve in the case of the shunt motor is that 
the armature reaction flux (which always is 
orthogonal to the main stator flux in any, 
DC motor) tends to follow the low-reluc- 
tance path through the pole shoe, and at 
higher current levels causes a net effect of 
an angular shift in pole location and a lower 
effective flux level. This is illustrated in 
Fig. 2.2.7. 
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PM MOTOR 


High coercive 
strength of magnet 
resists armature 
reaction effects 


Speed 


Torque 


SHUNT MOTOR 


Stator magnetic flux 
weakens due to 


armature reaction 


Speed 


Torque 


Fig. 2.2.6. Stalled torque tends to be higher, and 
speed-torque curves more linear for the permanent 
magnet motors, compared to a shunt motor. 


In the case of the ceramic permanent mag- 
net (Fig. 2.2.8.), the armature reaction flux 
stays orthogonal to the permanent magnet 
flux, since the permeability of ceramic 


Spposing 

— Shunt field 
winding flux 
Aiding flux 


Armature reaction 
flux tends to follow 
low reluctance path 
through pole shoe 


a ee, 
> or ) 
; gy 
Ss ” es ; 


Fig. 2.2.7. Demagnetization effect in wound-field 
motors is caused by a component of the armature 
reaction field. 
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Armature 
. e Nec reaction 


\ \ flux 


Fig. 2.2.8. Due to the coercive strength of the 
permanent magnet motor, it is virtually insensitive 
to demagnetization effects. 


magnet material is very low (almost equal 
to that of air). In addition, the high 
coercive force of the magnet material resists 
any change in flux whenever the armature 
reaction field enters. The result is a linear 
torque-speed characteristic. 


The PM motor offers several advantages in 
addition to those discussed above. Perhaps 
the most obvious advantage is that electrical 
power need not be supplied to generate the 
stator magnetic flux. Since the conversion 
of electrical power to mechanical power 
takes place in the armature winding, the 
power supplied to the field winding results 
mostly in an RI2Zloss (heat loss) in the 
winding itself. The PM motor thus simplifies 
power supply requirements, while at the 
same time it requires less cooling. 


Another benefit of the PM motor is a re- 
duced frame size for a given output power. 
This characteristic is also portrayed in Figs. 
2.2.7 and 2.2.8. Because of the high 
coercive strength of permanent magnets, 


their radial dimension is typically one- 
fourth that of the wound-field motor for a 
given air gap. 
The significant advantages of PM motors 
over wound-field types are summarized as 
follows: 

1. Linear torque-speed characteristic. 


2. High stall (accelerating) torque. 


3. No need for electric power to generate 
the magnetic flux. 


4. A smaller frame and lighter motor for 
a given output power. q 
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2.3. MOTOR EQUATIONS AND 
TRANSFER FUNCTION 


This section presents the equations of a DC 
motor and the derivation of its transfer 
function. It is assumed that the reader is 
familiar with the Laplace transformation 
and with the concept of the transfer func- 
tion. Readers who wish to review this 
material are directed to the first section of 
Chapter 4. For simplicity in notations, the 
Laplace transform of a time variable is 
denoted by the same letter, followed by the 
argument s. For example, the Laplace 
transform of x(t) is x(s). 


The description of motor equations starts 
with the relationships between electrical 
variables. These are known as the e/ectrical 
equations. 


2.3.1. ELECTRICAL EQUATIONS 


The first characteristic to be considered is 
the motor impedance. The best way to 
determine this is by direct measurements. 
Locking the motor shaft at fixed position, 
and applying sinusoidal voltage at varying 
frequencies, one can measure the resulting 
current and evaluate the impedance as the 
ratio of the voltage to the current. | 


When this is done, it appears that the motor 
impedance at stall is equal to a resistance, 
R, in series with a parallel combination of 
an inductance, Lae and another resistance, 
R,- When the motor rotates, the armature 
coils move in the stator magnetic field. The 
induced emf appears across the armature 
terminals as internally generated voltage 
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(counter emf), E,. Therefore, the equivalent 
electric circuit of the motor is the imped- 
ance at stall, connected in series to a voltage 
source, E,: This equivalent circuit is shown 
in Fig. 2.3.1. The physical explanation for 


Fig. 2.3.1. Motor equivalent circuit. 


this model is that R, represents the losses 
in the magnetic circuit. This model was 
found to be accurate for the motor. How- 
ever, the resistance R,_ is usually larger 
than R (typically, about 5-10 times), and 
hence, the effect of R, on the motor 
Operation is insignificant. Therefore, it is 
possible to ignore this resistance in most 
practical applications, and approximate the 
motor equivalent circuit by R, L., and E|: 
This assumption will be made throughout 
the book. However, in moving coil motors, 
the resistance Ry, affects the measurement 
of the inductance L,, and must be con- 
sidered. Let the motor voltage and current 
be V and I., respectively. The relation 
between these variables is given by 


dl, 
V=L, = +R, +E, (2.3.1) 


where E.. the internally generated voltage, 
is proportional to the motor velocity, w. 
E. = Kew (2.3.2) 


The above equations can be combined into 


dl 


a 
V=L so +i, + Keo (2.3.3) 


Equation (2.3.3) is known as the e/ectrical 
equation of the motor. 


2.3.2. DYNAMIC EQUATIONS 


Since the magnetic field in the motor is 
constant, the current produces a propor- 
tional torque 


(2.3.4) 


Let us denote the moment of inertia of the 
motor by oD nad and let qT, represent the con- 
stant friction torque in the motor. Also, 
denote all the viscous friction torques and 
other torques which are proportional to 
the velocity by Dw. Then, the opposing 
torque in the motor, T_, is given by 


Th a lg + Dw (2.3.5) 
Now assume that the motor is coupled to a 
load. Denote the load moment of inertia 
by J, and the load opposing torque by 
T,. The relation between the torques and 
velocity is the following: 


dw 
(2.3.6) 


Equation (2.3.6) is the dynamic equation 
of the motor, and along with (2.3.3) and 
(2.3.4), it describes the relations between 
the electrical and mechanical variables. Note 
that equation (2.3.6) is based on a tacit 


assumption that motor velocity is the same 
as that of the load. While this assumption 
holds in most cases, for high-performance 
servo systems one has to investigate the 
case where the deflections of the motor 
shaft and other elastic parts lead to torsional 
resonance. The following discussion of the 
transfer function is based on the equal 
velocity assumption, and section 2.3.4. de- 
scribes the torsional resonance. 


2.3.3. MOTOR TRANSFER FUNCTION 


Equation (2.3.3), (2.3.4), and (2.3.6) pro- 
vide a model for the motor which describes 
the relation between its variables. However, 
when the motor is used as a component in 
a system, it is desired to describe it by the 
appropriate transfer function between the 
motor voltage and its velocity. For this 
purpose we can assume that T, = 0 and 
T, = 0, since neither affects the transfer 
function. If we now apply the Laplace 
transformation to the motor equations, we 
get: 


V(s) = (sL, + R) I,(s) + Kewls) (2.3.7) 
T,(s) = K+I, (s) (2.3.8) 
T,{s) = (J, + Ji) sw(s) + Dao(s) (2.3.9) 


Let us define the total moment of inertia, 
J, by 
Jad td (2.3.10) 


Now combine (2.3.8) with (2.3.9) to obtain 
an expression for the current: 
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1 
|_(s) = kK (sJ + D) wo(s) (2.3.11) 


Next, combine (2.3.11) with (2.3.7) to 
form 


V(s) = ra (sL,+R) (sd + D) co(s) + 


+ Kp w(s) (2.3.12) 


and the corresponding transfer function is 


y= ols) 


_ V(s) 


om 
| 
(sL, + R) (sJ + D) + KK, 


(2.3.13) 


The transfer function has two poles, which, 
in all practical cases, are negative and real. 
Therefore, it may be written as 


1/Ke 


Gy (s) ~ (srq + 1) (sv, + 1) 


OK 
T 1 
= L, (2.3.14) 


J (s — p,) (s — py) 


74 and To are the time constants, whereas 
p, and pz are the poles of the transfer 


function. The poles are the roots of the 


characteristic equation 


2 a 
s*LJ+s(L,D+RJ)+RD+K_K, =0 
(2.3.15) 
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The time constants are related to the poles 


by 
1 
74 eae) ae (2.3.16) 
Py P2 


Clearly, the time constants 74, and To are 
functions of all the motor parameters. | 


In the case where some of the parameters 
are negligible, the transfer function may be 
simplified considerably. For example, the 
following discussion considers a common 
case where the damping factor, D, is negli- 
gible and the inductance, L,, is small. 


Low Inductance and No Damping 


If we assume that the motor damping factor 
iszero, D = 0, the transfer function (2.3.13) 
becomes 


w(s) Ky 
G,, (s) = Vie. none 
S} L.J+sRJ+ KK, 


(2.3.17) 


The poles in this case are the roots of 


2 2 | 
s*L.J+sRJ+ K-K, =0 (2.3.18) 


These are 
—RJ 2 (Ru)2—4 L.JK_-Ky 
p SS eeeeeecetmeerecmeneievereeeemctet meinem erento Ee 
1,2 2L,J 
(2.3.19) 


In all practical motors the inductance, be, 
is small so that 


R2J2 — 4L,J K-K, >0 (2.3.20) 


and therefore the two poles are negative 
real. They are defined as 


—-RJ +9 (RJ)? -4L, J Ke Ky 


a 2L.J 
(2.3.21) 
and 
—RJ -¥ (RJ)2—4L_J KK, 
i 2L,J 
(2.3.22) 
When the inductance L. is much smaller 
R2 
than the term =>, one can use the 
K_ Ky 
approximation 
X 
V1 at a (2.3.23) 


which ts valid for small values of x. 


The approximation (2.3.23) gives 


V(Ru)? — 4L,J KK; 


AL. K.K 
= aay — a ET, 
7 R2J 


2L_ K-K 
a fa] err 
R2J 


Now, when (2.3.24) is substituted in (2.3. 
21) and (2.3.22), it is found that 


2L. K-K 
E *T 
_—RJ+RJ ( Bet as) 
R2J 
p eam 
1 2L.J 
—~K-K 
epee el (2.3.25) 
RJ 
and 
2L,K_Ky 
7 —RJ—RJ ay ae ; ans 
: 2L,J 2L.J 
= RR (2.3.26) 


In view of (2.3.25) and (2.3.26), the trans- 
fer function can be written as 


K,/L,J 
Gs) = SC 827) 
St a: ) s+ J 
RJ L. 
or 
1/K, 
G(s} = —————_—_—_——_—— (2.3.28) 
m (s7 + 1)(sr, + 1) 
where 
Tm = Ree [Metric Units] (2.3.29) 


ooo [English Units] 


is the mechanical time constant, and 
L 


a 
T= 


aa = (2.3.30) 


is the e/ectrical time constant. 
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Note, however, that the poles of the trans- 
fer function will be negative reciprocals of 


7, and 7, only if the two time constants © 


are sufficiently different, or if 


7, > 107, (2.3.31) 


However, if the two time constants are 
close (as for the Electro-Craft ET-4000 
motor), the poles will be functions of the 
motor parameters, and equation (2.3.18) 
is to be used to determine them. 


Furthermore, if the motor inductance is 
large enough so that 


4L,J Ke Ky > Ru? (2.3.32) 


the two poles of the transfer function be- 
come complex. However, this is not the 
case for the majority of DC motors. 


2.3.4. TORSIONAL RESONANCE 


In the previous discussion of the motor 
equation it was assumed that the velocity 
of all the parts in the motor-load system is 
identical; i.e., the motor and load may be 
approximated by a single body. This as- 
- sumption is not accurate for high-perfor- 
mance servo systems, since the mechanical 
parts of the system are elastic, and they 
deflect under torque. Consequently, the 
instantaneous velocities of various parts are 
different, and at some frequencies will be 
in opposite directions. This condition allows 
the system to store a large amount of 
mechanical energy, which results in notice- 
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able angular vibrations. This phenomenon 
is called torsional resonance. 


Since many motors are coupled to both an 
inertial load and a tachometer, it is reason- 
able to approximate this mechanical system 
by three solid bodies, coupled by inertia- 
less shafts. The approximate system is 
shown in Fig. 2.3.2. Let us denote the 


Load Motor Tachometer 


KD, K5,05 
ae as 


Fig. 2.3.2. Three-body model for load-motor- 
tachometer system. 


moments of inertia and angular positions 
of the load, motor, and tachometer by 
Ja, Jim? Jo, and 0.4, ae 05, respectively. 
Also, denote the stiffness and damping 
factors of the equivalent shafts by K,, D, 
and K,, Do. Note that this model is an 
overall approximation and, hence, K, and 
D, may be influenced by characteristics of 
the motor armature, shaft, coupling, or the 
load. 


In order to derive the dynamic equations 
for this system, let T, and T, be the 
torques delivered from the motor to J, and 
Jo, respectively. The dynamic equations of 
the three bodies are: 


Ty =n 5m + DO, +1, +T, (2.3.33) 


T, =J,8 (2.3.34) 


Ty = dy (2.3.35) 


The deflections of the shafts are described Then the electrical circuit analogous to the 


by the following equations: three-body mechanical system of Fig. 2.3.2 
| | is shown in Fig. 2.3.3. The analogy may be 
T, =K, (0.,—9,)+D, (0, —6,)(2.3.36) helpful in understanding the model. How- 
ever, it is not necessary for the derivation of 

Ty = Ky (6,,-65)+ Ds (6. —65)(2.3.37) the equations. 


If we substitute (2.3.34) and (2.3.35) for 
the torques qT, and Ty, the dynamic equa- 
tions become 


It may be useful to consider the electrical 
analog of this mechanical system. The 
analogy between the variables is the fol- 


lowing: yk : : 
qT, Sa 0 Dt J,9, tJ50, 


A torque T, is equivalent to a propor- (2.3.38) 


tional current. : ; 
J,9,+D, 6, +K,0,=D, Q tK, o. 
A velocity @ is equivalent to a propor- : (2.3.39) 
tional voltage. 
Jp gtDo69+Ky09=D5 6, + K 29. 
(2.3.40) 
Now consider the electrical equations, 


A moment of inertia J is equivalent to a 
proportional capacitance. 


A damping factor D is equivalent to re- 


sistance of 1/D. _ dl. ; 

VFL, ot + RI, + K.6, (2.3.41) 
A stiffness factor K is equivalent to in- 
ductance of 1/K. Tae K>1, (2.3.42) 


Fig. 2.3.3. Electrical analogy of three-body mechanical system. 
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The above equations describe the behavior 
of the system. In order to simplify the 
analysis, substitute (2.3.42) in (2.3.38) and 
apply the Laplace transformation to all 
the equations. - 


(sLg+R) 1g(s) + Kes0,, (s) = Vs) 
—Ky 1, (s) + (s2J,, +sD)4,,, (8) + 
+ s7J404(s) + s7Uy05(s) = 0 
(sD, +K,)0,,(s) — 
— (s2J,+sD, +K,)0, (s) = 0 
(sD,+K,)6,, (s) — 
— (s7J,+sDy+K5)65(s) = 0 


(2.3.43) 


The system equations (2.3.43) may be 
written in matrix form for simplification. 
(See Below) | 


The matrix equation (2.3.44) is a complete 
model and includes (2.3.13) as a special 
case. Note also that if the mechanical sys- 
tem is simple and can be approximated by 
two bodies Jn and Ja, we can obtain the 


sL.+ R | skp | 0 

—Ky | s2J +sD , s7J, 

0 | sD,+K, | —(s?J,+sD,+K,) 
0 , sD,+K, | 0 
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corresponding model by crossing the fourth 
row and column in the matrix of (2.3.44). 


Equation (2.3.44) enables us to derive the 
transfer function between the input voltage, 
V, and the velocities of the three bodies. 
The transfer function of the motor velocity 
is given by (2.3.45), whereas (2.3.46) is the 
transfer function for either the tachometer 
or the load velocity (when subscripts 1 and 
2 are interchanged). 


sO, (s) 
V(s) 


G,, (s) = 


_1 2 
=F [Kyl J, +sD,+K, ) 
(s*J,+sD,+K, | (2.3.45) 


s6. (s) 


G,(s) = Vis) 


zl 2 
7 ky(s J, tsD,+K, M(sD,#K,) 
(2.3.46) 


where A is the determinant of the matrix in 
(2.3.44), divided by s. 


: 0 (3) | {V(s) 

| s*Jo Os} |O 

= (2.3.44) 
| —(s*J,+sD,+K,) | | 85(s)| |0 


A = (sL,+R) (sq +D(s2, +8, +K,)(s?2J,+sD,+K5) + 
+ sJy (s?J,+sD,+K,)(sD,+K,) + 
+sJ, (sD, +K,)(s*J, +sDy#K,)] + 


+ K_Ky(s7J, +sD,+K, )(s?J,+sD,+K,) 


(2.3.47) 
Using the notations, 
Ri(s)=s*J.+sD,+K, i=1,2 
(2.3.48) 
O:(s)= sD, + K,  i=1,2 


The transfer functions may be written as 


sO (s) 
V(s) 


G(s) = 


m 


= 1k, Ry(s) Rais) (2.3.49) 


where 
A = (sL,+R) (sd, #DIR, RjtsJ,R,O, +sJ, Q, R| + 


+ KK, R,R, (2.3.51) 
Note that the two transfer functions, (2.3. 
49) and (2.3.50),have the same poles, but 
the zeros may be different. Let us consider 
the zeros and the poles of the tachometer 
velocity transfer function. 


The zeros are the roots of the equation 
(s?J, +sD, + K,)(sD, + K,) = 0 
(2.3.52) 


This equation has one real root and two 
complex ones. 


Ky 
Z, = -5. (2.3.53) 
2 
and 
—D, + iV4k J, — D4 
1 1°1 1 
Z Snes (7 3.54) 


The poles of the transfer function are the 
roots of the characteristic equation, 


A=0 (2.3.55) 


Since Aisa polynomial of sixth order, there 

will be six roots. It would be impossible 

to determine the roots exactly, but we can 

find reasonable approximations. 

Note that at low frequencies we may per- 

form the following approximations: 
Ri(s) = K, 


O, (s) = K; (2.3.56) 
sL. +R =R 


Under these conditions equation (2.3.55) 
becomes 


sR K,K, (J,, + J typ) + 
+RDK,K, + KK, K,K, =0 (2.3.57) 
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Define J, the total moment of inertia, as 
Jad td, +d, (2.3.58) 
Then (2.3.57) becomes 
(sRJ + RD+ KeK,) K, K, =0 (2.3.59) 
and the low frequency pole is 


_ KeKy + RD 


Pp, = RJ (2.3.60) 


If the motor damping factor, D, is small 
and can be ignored, the pole P4 becomes 


KK 
RJ 


which corresponds to the mechanical time 
constant of the motor. 


T 


p, =- (2.3.61) 


In order to determine the other poles of 
the motor transfer function, we assume 
that the other poles correspond to fre- 
quencies much higher than p,. This assump- 
tion is realistic, especially for moving coil 
motors, where the other poles are about 
00 times larger than p,. Thus, assume that 
for these poles, 


s|> IP, | ihn Scie (2.3.62) 
Jin RJ, 
It follows that 
is| RJ, > KEK (2.3.63) 


and if we multiply both sides by 
R, (s) R,(s), it becomes 
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ISR J. Ry (s) Ro(s)| > 
> [Kp K, Ry (s) Ro(s)! (2.3.64) 


Note, however, that the two terms in 
(2.3.64) are parts of A, as given by equation 
(2.3.51). This suggests that the term on the 
right-hand side is small and, hence, it may 
be ignored. 


Similarly, we may conclude from (2.3.62) 
that 


ls| > ae (2.3.65) 
RJ. 
and therefore 
J, i> D (2.3.66) 


Thus, we may approximate the term (sJ_ + 
D) by sv... 


In view of the above simplifications, equa- 
tion (2.3.55) becomes | 


A= s(sL,+R) x 


x [i R,R, +Jy R40, +d, 0, R,| =0 


(2.3.67) 
The root at zero represents the low fre- 


quency pole, p,. The second pole is the 
root of 


(sL, +R) = 0 (2.3.68) 
or 


R 


which corresponds to the electrical time 
constant of the motor. The remaining four 
poles are the roots of the equation 


J, RyR + Jo Ry, + J, O,R, =0 


(2.3.70) 
In order to approximate them, assume that 
the tachometer moment of inertia, Jo, is 
much smaller than that of the motor or the 
load. This assumption ts reasonable in 
most cases. Consequently, we choose to 
ignore the term Jz RQ, in equation (2.3. 
70). The remaining terms in the equation 
are 


(J,,R, + J,Q,) R, = 0 (2.3.71) 


or, explicitly, 
2 
i, (s*J,+sD,+K, ) + 
+ J, (sD, +) :2u,4sD,+K, = 0 


Note that one pair of poles is the solution 
of 


s*J, + sD, + K, = 0 (2.3.72) 


and it is determined mostly by the tachom- 
eter parameters. Therefore, this pair is 
called the tachometer resonance poles: 


—D, + jx/4J,K, — D2 
= 2 go 2 
P34 rs (2.3.73) 


The frequency of the tachometer poles is 


Wy 4) [rad/s] (2.3.74) 


Similarly, the other pair of poles is the 
solution of 


sy J, ts(U_tJ,)D, + (J, td, )K, =0 


(2.3.75) 


or, if we define the equivalent moment of 
inertia, Jee as 
J.J 


m~1 


(2.3.76) 


equation (2.3.75) becomes 


2 = 
s“J, + sD, +K, = 0 (2.3.77) 


The poles are 


-D, + jV4K,J, — D? 
7 a” | iis (2.3.78) 


e 
and the frequency of the poles is approxi- 
mately 


wo =— [rad/s] (2.3.79) 


Clearly, these poles are formed by the inter- 
action between the motor and the load, 
and they are called the load resonance poles. 
In summary, the transfer function between 
the motor voltage and the tachometer ve- 
locity has three zeros and six poles. 
sO. (s) 
ee 
G(s) = Vis) 
_ K, D, (s—z,)(s—z5)(s—za) 
Jinvgh, (s—p4)(s—p5)(s—pg)(s—py)(s—pg)(s—pg) 


(2.3.80) 
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The first zero, z,, is negative real and the 
other two are complex. They are given by 
equations (2.3.53) and (2.3.54). On the 
other hand, the pole p, is at low frequency 
and is caused by the mechanical load. The 
second pole, pz, corresponds to the electri- 
cal time constant of the motor. The re- 
maining poles are two complex pairs, where 
the first one is determined mostly by the 
tachometer and the other pair is caused by 
the motor and the load. 


Note that the zero z, and the pole Po are 
negative real, and correspond to high fre- 
quencies; therefore, their contribution to 
the motor transfer function is insignificant 
and they may be ignored. Thus, the trans- 
fer function may be reduced to the form 


s0.(s) 
V(s) 
K> K, (s—z,)(s—z3) 
RJ vo (s—p,)(s—p3) (s—py) (s—pg) (s—pg ) 


G(s) = 


(2.3.81) 


The transfer function was examined for 
several motors, under various load con- 
ditions, and was found to be in excellent 
agreement with the theoretical analysis 
given above. For example, when the Electro- 
Craft M-1030 motor with the M-110 ta- 
chometer was loaded by an inertial load, 
J, = 0.0006 0z-in-s7 (approximately 42.4 
gcm2), the following poles and zeros were 
measured: | 


Py =-— 20 Hz 
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Pag = — 177 + j 4000 Hz 


23 = + 52900 Hz 


The pole-zero distribution of the transfer 
function is shown in Fig. 2.3.4, and the 
motor-tachometer frequency response is 
shown in Fig. 2.3.5. 


Im 
x 
x s-plane 
X --— pole re) 
O-- zero 
X Re 
O 
X 
X 


Fig. 2.3.4. Poles and zeros of motor-tachometer 
transfer function. 


The analysis of the resonance phenomenon 
was based on the assumption model of the 
three bodies with inertialess shafts, where 
the stiffness and damping were constant 
for each shaft. However, as the motor 
temperature rises due to power dissipation, 
the mechanical properties of the armature 
and coupling change and, consequently, the 
locations of the poles and zeros change 


47 kHz 
(Arm-tach 
resonance) 


3.8 kHz 
Arm-load resonance) 


~——w frequency 


Fig. 2.3.5. Frequency response of motor-tachome- 
ter with inertial load. 


along with it. In general, the damping and 
the shaft compliance tend to increase with 
rising temperature, resulting in increase in 
the real part of poles and zeros, and decrease 
in their imaginary part. 


2.3.5. SPEED-TORQUE CURVE 


When a constant voltage, V, is applied to 
the motor terminals, the motor shaft will 
accelerate according to (2.3.3.) and 2.3.6.) 
and attain a final steady state velocity. 


Under steady state conditions the current 
is constant and the motor equations be- 


come 


+ Kew (2.3.82) 
(2.3.83) 


When the two equations are combined they 
become 


T,R 
V= + Kew 


K (2.3.84) 
+ 

Equation (2.3.84) shows the relation be- 

tween the velocity and the generated torque 

at steady state conditions. Fig. 2.3.6 shows 

that the equation forms a straight line in 

the speed-torque plane. 


Speed 
Ww 


Fig. 2.3.6. DC motor speed-torque curve. 


If the torque is zero, the no-load velocity 
Wp, is given by 


On L (2.3.85) 


_ Vv 
KE 
On the other hand, the generated torque 


at stall, T gos equals 


VK; 


Tos an tal 


(2.3.86) 
Accordingly, the relation between the speed 
and the torque can be expressed by the 
equation 


W= Wy, —RT (2.3.87) 


m 9g 
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Torque 


1 = (2.3.88) 


Re; the slope constant of the speed-torque 
curve, is called the speed regulation con- 
stant. For a given motor, we can plot a 
family of speed-torque lines that correspond 
to various terminal voltages. For example, 
if the motor parameters are: 


K> = 13.5 oz-in/A 

K_ = 10 V/krpm 

R =1Q 
and the applied voltages are 10, 20, and 30 
V, the no-load velocity will be 1000, 2000, 
and 3000 rpm, respectively. The complete 
family of speed-torque lines is shown in 
Fig. 2.3.7. | 
This family of speed-torque characteristics 


used to be important to users of DC motors 
in the past, so that they could graphically 
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[rpm] Pee 
3000 
2000 
30 V 
1000 
O Torque Tg 
0 135 270 405 (oz-in] 


Fig. 2.3.7. Speed-torque curves for terminal volt- 
ages of 10, 20, and 30 V. 


trace motor speed regulation in response to 
load and voltage changes. However, since 
the permanent magnet DC motors have 
linear characteristics, the designer can cal- 
culate all needed information from the 
knowledge of the motor most basic param- 
eters, namely the K;, R, J and R,,. The 
value of R,, can be calculated from R and 
K,, and static and dynamic characteristics 
can be derived, as we have just seen in this 
chapter. Oo 


2.4. POWER DISSIPATION IN DC 
MOTORS 


2.4.1.0RIGINS OF POWER DISSIPATION 


The DC motor is used to produce mechani- 
cal power from electric power, and as such 
it may be viewed as an energy converter. 
It converts electric power into mechanical 
power during acceleration and steady run, 
and back to electric form during decelera- 
tion. However, the motor is not an ideal 
converter, due to the armature resistance 
and other losses. Therefore, it has heat 
losses as by-products of the energy conver- 
sion. The power flow through the motor 
and the distribution of losses are illustrated 
in Fig. 2.4.1. The figure shows that the 
motor losses can be grouped into two 
divisions. The /oad sensitive losses are 
dependent upon the generated torque, and 
the speed sensitive losses are determined 
by rotational speed. Since those losses are 
important in establishing the limits of mo- 


Power 
conversion 


Motor 


Winding 
IGR 


Hysteresis” 


tor application, let us consider them in 
detail. 


Winding Losses \2 R 


These losses are caused by the resistance 
of the motor and equal ZR. Clearly, they 
depend on the generated torque, as the 
armature current, l.. is proportional to it. 
Brush Contact Losses 


As the carbon brush slides over the con- 
ductive surface of the commutator, a film 
is formed which is necessary in providing 
lubrication for proper brush function. It 
has some of the properties of a dielectric 
material. Thus, it is not uncommon for 
this apparent contact resistance to be of 
sizable value with respect to the actual 
winding resistance. Current flow through 
the brush and the film creates heat with 
resulting loss of power. 


Output 
—__—_—_—_» 
power 


losses I 
Load (Torque) sensitive | Speed Sensitive 
Eddy 
currents* 


Short 
Circuit 
currents 


Windage, 
friction 


Brush 
contact 


“Iron losses 


Fig. 2.4.1. Power losses in a permanent magnet motor. 
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The problem of brush and contact losses 
is complex, owing to three factors: (1) the 
carbon has a negative temperature coeffi- 
cient of resistivity which causes the resis- 
tance of the brush itself to decrease with 
temperature; (2) the contact film between 
brush and commutator breaks down as 
current density increases, thereby also de- 
creasing the apparent resistance of the brush- 
commutator interface; and (3) at increasing 
rotational speeds a cushion of air is swept 
along by the commutator, producing an 
aerodynamic lift under the brush. This 
brush lift effect tends to increase the ap- 
parent contact resistance. To summarize 
the characteristics of the losses it can be 
said that: 


(1) They are unpredictable, depending 
upon factors of current density, 
rotational speed, and even atmo- 
spheric conditions (humidity pro- 
motes the film-forming process). 


(2) Increasing load (current) tends to 
decrease the percentage of machine 
loss at the brush-commutator inter- 
face. 


(3) Increasing speed tends to increase 
the proportional loss at brush-com- 
mutator interface. 


Eddy Current Losses 


Eddy currents are phenomena associated 
with achange of magnetic field in a medium 
that can also support a flow of electric cur- 
rent. In the case of the PM motor, the 
medium that experiences the change of 
magnetic field and allows current to flow 
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is the iron of the armature. Fig. 2.4.2. 
shows how all parts of the armature iron 
undergo a change of magnetization as it 
rotates in the magnetic field. 


The circulating currents (eddy currents) 
which are produced in the iron are propor- 
tional to speed, and can have significant 
heating effect on the motor, particularly 
when the motor operates at high speed. 
Eddy currents, along with hysteresis losses, 
usually determine the maximum speed that 
may be obtained from an iron core armature. 


Armoture 
tooth *| 


With armature turned 
1/2 revolution flux flows 
out at tooth *1 


Fig. 2.4.2. All parts of the armature undergo a 
change of magnetization as it rotates in the mag- 
netic field, thus causing the magnetic domain 
boundaries to shift. 


Eddy current effect is not present in all PM 
motors. There is a type of low inertia mo- 
tor, designed for maximum acceleration 
capability, which does not have moving 
iron in its magnetic field. These ‘‘non- 
ferrous armature’ motors have neither iron 
eddy currents nor hysteresis effects, and 
consequently require lower power inputs 
to obtain high rotational speeds. Typical 
of this type are Electro-Craft's Mcm®* 
Moving Coil Motors. 


*MCM is a registered trade mark for Electro-Craft 
Moving Coil Motors. 


Carbon brush 


# <4—- Motor current 
segment “I 


# 
Seanete Short circuit current 


CTR me 


V/ \/ \/ \A 


«q—_§— Armature coils 


oO 


Fig. 2.4.3. Short circuit current in a commutated coil. 


Eddy current effects can be minimized in 
iron core armatures by using laminated 
sheet steel for the core. The use of thinner 
laminations results in reduced eddy currents. 
Silicon steel with high electrical resistance 
will further reduce eddy current heating. 


Hysteresis Effect 


Fig. 2.4.2. shows how the iron core of the 
armature experiences changing magnetiza- 
tion as it rotates in the stator field. As the 
armature rotates, magnetic domain bound- 
aries shift. The resistance to this magnetic 
domain shifting also causes heat generation 
that increases with motor speed. Hysteresis 
loss is a characteristic of the type of steel 
used. It is usually combined with eddy 
current effect and called ‘‘iron loss.” 


Windage and Friction 


This category of motor heat generation 
includes all those factors which produce a 


mechanical drag on the machine, such as 
bearing friction, friction of the brushes on 
the commutator, and air resistance. The 
last item is usually insignificant in smaller 
sized servomotors. The magnitude of wind- 
age and the friction losses will depend upon 
the mechanical features of design; i.e., co- 
efficient of friction between brush and com- 
mutator and size of bearing and lubricant. 


Short Circuit Currents 


This term does not imply a fault in a ma- 
chine, but rather describes a normal current 
which exists briefly in the armature coil 
that is commutated. 


As shown in Fig. 2.4.3, at the instant the 
brush is riding On two commutator seg- 
ments, it actually provides a short circuit 
connection between the ends of the coil 
that is connected to those two segments. 
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it can be seen that the start of coil #1 is 
connected to segment #1, while the end of 
coil #1 is connected to segment #2. It can 
easily be surmised that any voltage which 
exists across the coil terminations will cause 
a current to flow through the coil. This 
current can not be measured directly, but in 
cases where it becomes excessive, it will 
cause arcing at the trailing edge of the 
motor brush. 


The effect of short circuit current is to 
contribute a component of loss which in- 


creases with motor speed. It appears as a 


viscous drag on the armature. It will also 
impose a maximum speed limitation on 
motors which are not otherwise limited by 
their iron losses. 


Short circuit current effects can be mini- 
mized by proper motor design so that the 
brushes only commutate coils which are in 
regions of low magnetic flux. This tends to 
minimize the voltage that will exist across 
the ends of the coil. 


2.4.2. POWER DISSIPATION 


The speed sensitive losses, when combined 
together, act as a velocity dependent op- 
posing torque, T,,, which contains a con- 
stant term, Ts, and a velocity dependent 
term, Dw. 


T,, =1,+ Dw (2.4.1) 


Theterms T, and D may be interpreted as 
constant friction and viscous damping, but 
they represent all the velocity sensitive 
losses. 
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Now suppose that the motor is coupled to 
a load with a moment of inertia, Ji, and a 
load torque, T, . The electric and dynamic 
equations will be (2.3.3) and (2.3.6). Since 
we are interested in power dissipation, the 
inductance, a has very small effect and 
may be ignored. The simplified equations 
for the motor would be: | 


V=RI,+Kpw (2.4.2) 
1 dw 
|, ~ Ky Ge +31) dt ™ Tin tT 
| (2.4.3) 


The input power to the motor, P., is given 
by 


P= VI, =1,(RI,+Kew) 


I-R + Keol, (2.4.4) 


In view of (2.4.3), P. becomes 


Kew 
Per ee 2 dw 
PUR TT Hy 8 
(2.4.5) 
or 
K-w K-w 
oO eae Be f+ + 
P. I Rt K- Tm Ke Ty, 
K- (J. + J, ) d 
iz E ‘“m L oo 
K+ 
(2.4.6) 


Note that the last term of (2.4.6) is equal 
to 


Ken tdi) dw 
K- dt 


Ke mnt4u) di?) (2.4.7) 
2K, dt 


This quantity will have zero average value 
when the velocity is constant or periodic, 
or over any time interval where the final 
velocity is equal to the initial velocity. 
Consequently, the contribution of this term 
to the power dissipation is zero and it can 
be ignored. Of the remaining terms we 
can identify the last one as the output 
power which is delivered to the load, 


Kewl 
a (2.4.8) 
Ky 


Note that the ratio of the voltage and tor- 
que constants, Ke /K+, forms the conversion 
factor in (2.4.8), whose value depends on 
the units used in the equation. If all the 
quantities are expressed in basic or main 
SI units, i.e., pea = W, [w] =rad-s—!, 
[T,] = Nm, [Ke] = V/rad-s~', [K7] = 
Nm/A, then K_/K, = 1 and (2.4.8) be- 
comes 


P= wT) (2.4.8a) 


The same applies for other quantities in this 
section. 


The remaining two terms are the losses in 
the motor. 


Kewl 
Pp =I2R+ —— (2.4.9) 
a Kr 


Note that the first term, I7R, is the winding 
resistive loss and the second term corre- 
sponds to the velocity sensitive losses. 
Moreover, by substituting equation (2.4.1) 
into (2.4.9), the losses become 


K- wT K- Dw? 
‘ T T 


(2.4.10) 


Equation (2.4.10) describes the /nstanta- 
neous power dissipation in general, and it 
can be used to determine the losses under 
specific velocity profiles. In the following 
discussion the power dissipation is evaluated 
for two common types of angular motion: 
constant speed and incremental motion. 


2.4.3. DISSIPATION AT CONSTANT 
VELOCITY 


When the motor runs at a constant velocity, 
coe the power dissipation may be found 
directly from (2.4.10). This is given by 


(2.4.11) 


This is illustrated by the following example. 
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Example 
Given are the following motor and load 
parameters: 


R =10 
K; = 6oz-in/A= 4.24 - 10-2 Nm/A 


Ke = 4.45 V/krpm 
= 4.24 - 107-2 V/rad - s~" 


J. = 0.5: 1073 oz-in-s? 
= 3.53 -10—© kg m2 


T, = 6ozin=4.24- 10-2 Nm 


D = 0.0422!" - 9 995.19-4 Nm 
rad/s rad:s7! 


Joo 2: 10~3 0z-in-s? 
= 1.412 - 10-° kg m? 
T, = 120z-in = 8.474 - 1072 Nm 
The motor will run at constant velocity 
w,, = 300 rad/s (2860 rpm). The power 


dissipation is found as follows. 


The armature current is found from (2.4.3) 
and (2.4.1) 


1 
= kK (T;+Dw, tT, ) 


ome 


=— [6+ 0.04-300+12] =5A 


Le») 


The power dissipation can be found from 
(2.4.11). It can be calculated by using 
either the SI or the British system of units. 
In this example we will use the SI system. 
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Note that in this system K+ and Ke are 
numerically equal, when expressed in basic 
and main SI units. 


4.24-10~2-300-4.24:10-2 + 


P,) =57-1+ 
4.24 - 10-2 
4.24-10~2-2.825-10—4-3002 
4.24-10-2 


P, =25 + 12.72 + 25.42 = 63.14 W 


2.4.4.DISSIPATION DURING INCREMENTAL 
MOTION 


Equation (2.4.10) for power dissipation 
can be applied to the case of incremental 
motion where the motor steps periodically 
following a trapezoidal velocity profile, as 
shown in Fig. 2.4.4. 


Velocity 


{ 
<~———-t Seem Oat, ane See eect: ty 
1 2 3 


Fig. 2.4.4. Motor velocity profile. 


The motor accelerates over t, to the ve- 
locity w,, and runs at that speed for t,- 
Later, it decelerates to zero velocity over 
ty. The stepping is periodic with a repeti- 
tion rate of f steps per second. Equation 
(2.4.10) describes the instantaneous power 
dissipation in the motor. However, it is 
of greater importance to determine the 
average power loss in the motor over one 


cycle by averaging the power. The analysis 
was found long and laborious, and we pre- 
sent here the final results for this case. 
The average power dissipation, P, was 
found to have five terms. 


P= P,+P,+P,+P, +P, (2.4.12a) 
where 
2,2 
fRJ Way 1 1 
Ke 4 & 
_ fR 2 
KT 
(2.4.12c) 
ee +T, )2+(T,+T, )D 
ar (Ty T,) (Te ) Wr, + 
KT 
A ee: t, +t.) 2.4.12d 
+ 3? 2 | 3g! (2.4.12d) 
fF Ke Tw, 
f Kp Due 
p_ = (tt, +'St5 Ft.) 
5 1 2 3 
3Ky 


(2.4.12) 


Clearly, the various terms can be interpreted 
physically. P, describes the power dissipa- 
tion due to the acceleration and decelera- 
tion of the motor and load. P, and P. 
describe the winding losses due to the 


opposing torques during the various inter- 
vals of motion. Finally, P, and Pe repre- 
sent the rotational losses due to the constant 
Opposing torque, T,, and the damping, D, 
respectively. 

The following example illustrates the use of 
the equations (2.4.12). Special care should 
be taken to use the right units. 


Example 


Consider a loaded motor with the following 
parameters: 


K, = 250z-in/A = 0.176 Nm/A 

K_ = 18.4 V/krpm = 0.176 V/rad -s—' 
R= 122 

T, = 6o0z-in=4.24- 1072 Nm 


D = 4oz-in/krpm =2.7-1074 
Nm/rad - s~! 


Ty, = 50 oz-in= 0.353 Nm 


J = 0.02 oz-in-s? = 1412 g cm? 
= 1.412- 10-4 kg m2 


The motion requirements are given by 


t, = 50 ms = 0.05 s 


200 ms = 0.2 s 


o> 
ll 


tz, = 40ms=0.04s 


w= 3000 rpm = 314 rad/s 
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and the repetition rate is 


f = 2steps/s 


We may use any system of units to evaluate 
the power. In this example, we use both 
systems to illustrate their use. To evaluate 
P,, we use the SI system, whereas the 
British system is used for the other terms. 


2 
_ 2:1.2 (1.412-1074).3147 


P, 
0.1762 
1 1 
x [—+ — ]= 
as a eeere 
p, = —* (6 +50+ 4-3)? -0.2 = 3.55 W 


P, = 2:12 eotisoa-ae ea | x 
252 3 
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x (0.05+0.04) = 1.33 W 


_ 2-18.4-6-3 
: 2-25 


_ 2-18.4-4-32 


= —————— (0.05 + 0.6 + 0.04 
3055 (0 ) 


= 12.19 W 


and the total average power dissipation is 


P = 30.38 W 


In the following section we will discuss the 
ability of a motor to handle armature 
power dissipation. O 


(0.05 + 0.4 + 0.04) = 6.49 W 


2.5. THERMAL CHARACTERISTICS 
OF DC MOTORS 


As the motor is operated, power losses are 
dissipated in the armature, resulting in 
temperature rise. The increase of tempera- 
ture is important since it may limit the 
motor performance and, therefore, it de- 
serves a careful study. 


In this section we consider the temperature 
rise in the armature resulting from the 
power losses. We start with the simple case 
of continuous Operation and determine the 
boundaries for working conditions. Later, 
we study the case of intermittent operation 
and develop a thermal model for the motor 
in order to analyze the temperature re- 
sponse. 


2.5.1. CONTINUOUS OPERATION 


When the motor runs at a constant or near 
constant velocity and the operation time is 
long (30 min or more), the motor tempera- 
ture reaches a steady-state level, depending 
on the power dissipation. 


In order to limit the temperature rise, we 
have to limit the losses, Ps, in the motor. 
Since the losses depend on the velocity w,, 
and the load torque T, [see (2.4.10)], we 
can limit the values of the speed and the 
torque so that the resulting temperature Is 
acceptable. 


This can be done by constructing a bound- 
ary in the speed-torque plane which defines 
the safe operation area. The boundary 
curve is called Safe Operation Area bound- 


ary for Continuous operation (SOAC). An 
example for such SOAC curve is shown in 
Fig. 2.5.1. The area to the left of the curve 
is safe for operation, whereas points to the 
right of the SOAC will result in excessive 
losses and heating. 


6 


MOTOR SPEED [krpm] 
O 


TORQUE [oz-in] 


Fig. 2.5.1. Speed-torque diagram and the Safe 
Operation Area boundary for Continuous operation 
(SOAC). 


The speed-torque diagram may include ad- 
ditional information on the voltage required 
to drive the motor under those conditions, 
or on rating points. This, however, does not 
affect the SOAC. 


When a motor is forced-air cooled, the 
thermal resistance decreases with the cool- 
ing, allowing a larger amount of power 
losses to be dissipated. This can be des- 
cribed by two SOAC curves for the un- 
cooled and the cooled motors. An example 
is shown in Fig. 2.5.2. 
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Area of safe continuous operation 
without air cooling. 


Area of safe continuous operation 
with adequate air cooling. 


Area beyond capacity of motor 
for continuous operation. Much 
higher output torque can be real- 
ized on an intermittent bases pro- 
vided armature temperature rating 
is not exceeded. 


100 200 2650 
TORQUE [oz-in] 


Fig. 2.5.2. The SOAC for a motor with cooling capability. 


2.5.2. INTERMITTENT OPERATION 


When the motor is operated continuously 
for a short time, or when the operation is 
periodic, the power losses in the motor vary 
with the time and the analysis of the re- 
sulting temperature is more complex than 
for the continuous case. 


In order to determine the temperature rise, 
a thermal model is developed for the mo- 
tor. The model describes the relation be- 
tween the power and the temperature, and 
makes a thermal analysis for various power 
dissipation functions possible. 


2.5.3. THERMAL MODEL 


The motor consists of two parts, the arma- 
ture (rotor) and the housing (stator). It is 
assumed here that the temperature over the 
two bodies are uniform. In other words, 
the armature temperature, re/ative to am- 
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bient, 0,, is the same all over the armature. 
Similarly, the relative temperature of the 
housing, ©,,, is also uniform. 


The heat capacity is the ratio between the 
heating energy and the temperature rise. 
For the given model the heat capacities of 
the armature and the housing are denoted 
by C, and C, , respectively. 


The power losses, P, , are assumed to be 
dissipated in the armature, since this is the 
common case. However, the final results 
of the following analysis are valid also for 
the case where some of the losses are dissi- 
pated in the housing. 


The third assumption about the motor is 
that the heat transfer is proportional to 
temperature difference. Therefore, the 
power transfer from the armature to the 
housing, P,, equals 


ie = G, (0, - O,) (2.5.1) 
where G, is the thermal conductance be- 
tween the two parts. Similarly, the heat 
transfer from the housing to the ambient, 
P.,, is given by 


(2.5.2) 


with G, being the heat conductance be- 
tween the housing and the ambient. 


If the motor is cooled by forced air, with 
the temperature of the air inflow being 
equal to ambient temperature, the heat 
transfer by cooling, Pi equals 


(2.5.3) 


where G. is the heat conductance and 
depends on the air flow. 


2.5.4. THERMAL EQUATIONS 


The thermal equations for the motor arma- 
ture and housing are: | 


do, 
Ce =P Ser, 
(2.5.4) 
dO, 
Ch ae Pa Ph 


In view of (2.5.1), (2.5.2), and (2.5.3) the 
thermal equations become 


0, 


d 
C. dt = P, —G, (O,—0,) — G9, 
(2.5.5a) 


PL 


dO, 


(2.5.5b) 


The heat flow in the motor is illustrated in 
Fig. 2.5.3. 


C,, 


The electrical analog of the thermal system 
can be constructed by noting the equiva- 
lence between temperature and power on 
one hand, with voltage and current on the 
other hand. The resulting equivalent net- 
work is shown in Fig. 2.5.4. 


Since we are interested in 0 5 which is 
higher than the housing temperature, it is 


desired to develop the transfer function be- 
tween P, and O,. 


Upon application of the Laplace transfor- 
mation to (2.5.5), it becomes 


sC,, O, (s) = P, (s) — (G,+G,) ©, (s) + 


+ G, ©, (s) (2.5.6a) 


sC, ©, (s) = G, 0, (s) — (G.+G, 0, (s) 


(2.5.6b) 
Armature Pq=Gq (0, - O) Housing 
h Sher 


Fig. 2.5.3. Thermal model and heat flow in a DC 
motor. 
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Oa Ga Oh 


= 8-0 


Fig. 2.5.4. Electrical analog of thermal system. 


Equation (2.5.6b) may be used to substitute 
for ©, (s). 


©, (s) (sC, +G, + G,) = G, 0, (s) (2.5.7) 


Combining (2.5.7) with (2.5.6a) results in 


G2 


©,(s) i G.+G,- = P, (s) 


a 
SC, +G.+G, 
(2.5.8) 


and the transfer function between Py and 
0, iS 
0, (s) sC, + G, + G, 


Pits) ste cots lc, (G,*G,) +C,(G,+G,)] + G,G, +G,, +6,G, 
(2.5.9) 


Note that (2.5.9) may be written in the 
form 


G,+G, 


Ae (2.5.11) 
GG, + GG, + GG, 
and 
Cy, 
“th = G+G, (2.5.12) 


The time constants, Tth, and Ttho, corre: 
spond to the roots of the thermal character- 
istic equation: 


(G,+G,) + C,(G,*G,) + 


2 fe 
S CC. + lh 


a 
+G,G, +G,G, +G,G, =0 
(2.5.13) 


Note that the characteristic roots of (2.5.13) 
depend on the air cooling conductance, 
G,. Therefore, the thermal time constants, 
Tth, and Ttho: will vary with the introduc- 
tion of forced-air cooling. 


The transfer function (2.5.10) may be 
written as the sum of partial fractions: 


R R 
0, th, ths 
P. 6 en (2.5. 
Pi ‘s) STth, +1 STtho +7 (2.5.14) 
where 
A\ Teh ren) 
Run = (2.5.15a) 
1 "th, ~ "th, 
and 
A 
"thy "the 
R = (2.5.15b) 


Now define ©, (s) and 0, (s) as 


©, (s) = Tec P, (s) (2.5.16a) 


@,(s) = stm, tt P, (s) (2.5.16b) 


Then the armature temperature, oe equals 
O,(s) =0, (s) + 0, (s) (2.5.17) 


Equations (2.5.16) and (2.5.17) describe 
the transfer function as a parallel combina- 
tion of two partial fractions, as shown in 
Fig. 2.5.5. This model ts easier to analyze 
due to its simplicity; it is therefore pre- 


ferred over (2.5.9). 


Fig. 2.5.5. Parallel model for thermal system. 


2.5.5. THERMAL ANALYSIS 


The temperature rise in a motor due to 
power losses may be determined from the 
transfer function model of Eq. (2.5.9). 
However, this method may be unneces- 
sarily complicated in most cases, and an 
easier procedure has been developed, based 


on the parallel model of (2.5.16) and 
(2.5.17), and is presented below. 


The basic idea of this approach is that the 
temperatures, ©, and ©, should be found 
separately. Later, they can be combined to 
form ©,. Since the transfer function of 
either ©, or Oo is of the form 


R 
O(s) _ _ th (2.5.18) 
P, (s) ST, + 1 


the method for determining ©, and ©, 
is the same. 


The engineer has the freedom to solve 
(2.5.18) in any way. However, in the 


following discussion, the solution for most 
common cases Is presented. 


Case 1 — Constant Power 
When a constant power loss, P,, is dissipa- 


ted in the motor from t = QO, the resulting 
temperature rise Is 


t N 
7 Tth 
O=RyP, ies (2.5.19) 


If the power is applied for a long time, 


t2>4r, (2.5.20) 


the temperature reaches the steady-state 
value of 


O=R,,P. (2.5.21) 
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Therefore, the steady-state temperature rise 


due to constant power dissipation is the 


product of the power and the thermal 
resistance. 


Case 2 — Short Term Power Variations 


When the power loss variations are much 
faster than the thermal time constant, e.g., 
power variation time is less than 74, /5, the 
power variations will be filtered and only 
the average power will affect the tempera- 
ture. To determine the temperature rise due 
to the average power, use the results of 
Case 1. 


Case 3 — Low Frequency Power Variations 


When the power dissipation varies periodi- 
cally and the period is neither too short nor 
too long with respect to the thermal time 
constant, we can not use any of the results 
of Case 1 or 2, and the temperature has to 
be found from the transfer function. In 
the following discussion the case where the 
applied power is of square wave form is 
analyzed and the temperature rise is deter- 
mined. | 


Pulsed Power Case 


If P, isas shown in Fig. 2.5.6, with an “ON” 
time t, and a period t,, the temperature 
can be found as follows: 


At time t = 0, temperature equals Og: then 
power is applied and the resulting tempera- 
ture is found: 
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Pp 


Fig. 2.5.6. An example of “pulsed power’. 


a 1’ th 
O. = Op + (Rep Pp —Ogl\1-° 


(2.5.22) 


At time t,, power is removed and tempera- 
ture drops according to: 


Tth 


Oy =O,e (2.5.23) 


0 t, te te +t, 


Fig. 2.5.7. ‘‘Pulsed power” is applied for a long 
time period so that thermal equilibrium is attained. 


Fig. 2.5.7 shows the time display of (2.5.22) 
and (2.5.23) as the temperature variation 
with respect to time. 


Suppose the system is operated long enough 
to achieve a steady-state condition as shown 
in Fig. 2.5.7. Then for the maximum tem- 


perature rise, we can substitute (2.5.23) 
into (2.5.22) to obtain 


—t,/T 
Ry, P (1-4 : a) 
apc AO Ne Pd (2.5.24) 


m ae 
i t/t 


S) 


In order to illustrate the method of thermal 
analysis, consider the following example. 


Example 


The thermal behavior of a motor is de- 


scribed by the following parameters: 


Ren, 1 °C/W 
Rhy 0.8 9C/W 
T th, = 15s 


This. 15 min = 900 s 


The power loss is of pulse type with 


Po = 150 W 
t, = 5s 
t = 15s 


and the operation lasts for two hours. First, 


we will calculate ©,, which corresponds to 
the larger time constant. Note that the 
period t, = 15 s is much shorter than 
Ttha = 900 s, and only the average power 
will be considered (Case 2). 


The average power is 


_ 150-5 


Per eee 


and the resulting steady-state temperature 
rise is 
— —e . porn O 
O, Rens P., = 0.8 - 50 = 40 °C 
To determine ©,, note that t, = 7... and 
: En 
therefore, neither Case 1 or 2 will apply. 


The temperature rise is found from (2.5.24), 
which becomes 


: Aq 15 


Then the total temperature rise, O,, equals 


a 


Q,= ©, +, = 130°C 


If the ambient temperature is 25 °C, the 
temperature of the armature will be 155 °C. 


Bix 
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2.6. MOTOR CHARACTERISTICS AND 
TEMPERATURE 


Motor constants such as K,, Kpe,and R are 
parameters used to define motor character- 
istics. But it is well to remember that they 
are not true constants in the strictest sense, 
since these parameters will be temperature 
sensitive to some degree. The following 
describes the effects of temperature varia- 
tions, and presents a method for calculating 
the magnitude of parameters’ change. 


ARMATURE RESISTANCE 


The majority of PM motor armatures are 
wound with copper conductors, and some 
of the new low inertia types use aluminum 
conductors. With either metal, electrical 
resistance increases with temperature, each 
at a different rate. There are several effects 
of an increase in armature resistance as the 
motor is heated. 


1) Motor | 2R losses will increase for a given 
value of current. \f a servomotor is being 
driven with a constant value of current to 
achieve a constant acceleration, the wind- 
ing loss will increase in proportion to the 
amount of resistance increase. For this 
reason the “‘hot’’ resistance of the motor 
armature winding should be used when 
assessing a motor’s capability for performing 
a prescribed duty cycle. 


2) Speed regulation constant will increase. 
This constant was defined as the slope of 
the speed versus torque curve and was 
found to be proportional to R. Thus a 
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motor loaded close to rated torque will 
slow up somewhat as it warms up due to 
the higher value of speed regulation con- 
stant. 


3) The frequency response characteristic of 
the motor will be different from “cold” to 
“hot. This is a consideration in high-per- 
formance servo applications, where the mo- 
tor is required to respond to rapidly varying 
input signals, and occurs since the mechani- 
cal time constant used in the transfer func- 
tion is proportional to R. 


The change of R can be calculated if the 
anticipated temperature rise can be esti- 
mated. The resistance of copper as a func- 
tion of temperature is shown in Fig. 2.6.1. 


Resistance 


-23945 0 ©, Og Temperature [°C] 


Fig. 2.6.1. Resistance versus temperature charac- 
teristic for copper conductor. 


As can be seen from the curve, the charac- 
teristic is linear in the region which is of 
most interest, from 25 °C to 200 °C. If this 
straight portion is extended, as shown by 
the broken line, it intersects the tempera- 
ture axis at —234.5 °C. Then by similar 
triangles, we can say that 


Ry 234.5+0, 
J eS (2.6.1) 
R,  2345+0, 


or, 
234.5 + O5 
R= 234546, R, (2.6.2) 
Example 


If an armature resistance R = 2.5 Q at a 
standard 25 °C temperature, calculate the 
expected resistance when the winding is at 
its rated 155°C operating temperature. 


©, = 155°C 
0, = 25 oC 
R, = 2.5 QQ 
then, 
+ 
R= (234.5 + 155) x2.5=3.752 


2° (234.5+ 25) 
(2.6.3) 


It can be seen that over the operating 
temperature range a 50% variation in resis- 
tance is observed, a very significant change, 


indeed. 


An alternate formula for calculating resis- 
tance with temperature change Is: 


[2;Q, 2/9C, °C] = (2.6.4) 


where 


Ro is resistance at O, 


R, is resistance 0, 


and 
Vai = 0.00393 for copper 
VW.) = 0.00415 for aluminum 


TORQUE CONSTANT Ky AND VOLTAGE CON- 
STANT Ke 


The effects of temperature variation in Ky 
and Ke are: 


1) An increase in I7R losses. \f a given tor- 
que is required to accelerate a load, as the 
motor heats up, Ky and K, decrease and 
more current will be required to provide 
the same torque. 


2) Speed regulation constant will increase. 
The decrease in K, and K, would cause an 
additional fall off in speed of a motor 
carrying rated load torque. 


3) Change in frequency response character- 
istics. Because of the reduced torque cap- 
ability, the frequency response of the mo- 
tor is reduced. 


Of the two main types of magnets com- 
monly used, the temperature coefficient of 
magnetic flux density for ceramics is —0.002; 
Alnico magnets have coefficients that range 
from —0.0001 to —0.0005. 
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Using the above temperature coefficients 
of magnetic flux density, it is possible to 
develop an expression to calculate a derated 
torque constant to be used where the motor 
magnets will experience a significant tem- 
perature rise. 


Krp= Ky [1+ ¥,9,,] (2.6.5) 


where 
K+ is the derated torque constant 
K.- is the rated torque constant (at 25 °C) 


Wp is the temperature coefficient of mag- 
netic flux density 


©. is the temperature rise of the mag- 


net material. 


This equation points out a great advantage 
inusing forced-air cooling. Air circulating 
through the motor will greatly reduce mag- 
net temperature rise, and will minimize 
temperature variation. 


DERATING MOTOR TORQUE 


The above discussion of temperature effects 


should make it very obvious that a motor’s — 


torque capability is degraded as operating 
temperature increases. An expression can 
be developed to compare the maximum 
torque that can be produced by “‘hot” and 
“cold’’ motors. If a motor at stall is excited 
with a current I, to its maximum dissipation 
level, the power will be dissipated as I7R 
loss. Then torque developed will be: 
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(2.3.4) 


As the armature heats up the current must 
be reduced to avoid exceeding the rated 
armature dissipation. The “‘hot’’ current is 
found to be: 


a ee 
V1 a Vou oat 


where ©,,, is the winding temperature rise 


la (2.6.6) 


Torque can be calculated as the product 
Ktplan: 
K.~ [1+ W,0, J 1 
T B 
2 SE 


yit Vou Ow 


The ratio of maximum “hot’’ torque to 


“‘cold’’ torque will be: 


Toh _ 1+ YB Orm 
‘ v1 bi Vou Ow 


Example 


(2.6.8) 


A motor with copper armature winding and 
ceramic magnets has the following ratings: 


R =2.5Q 


2 = 
(FR) ax = 105 W 
If the motor is used with a controller that 
limits current so that the maximum arma- 
ture dissipation cannot be exceeded, cal- 


culate the torques at 25 °C and at 155 °C 
operating temperature, and torque derating 
factor. 


Allowable armature current at moment of 
excitation (i.e., at 25 OC) is: 


ce pe 
ln “V5p = 648A 


“Cold” torque at 25 °C is: 

qT, = 6.48 x 80 = 518 oz-in 
With armature at 155 °C and ambient of 
25 °C, we estimate magnet temperature will 
be 90 °C. Then 

O.m = 90 —25= 65°C 


©, = 155 — 25 = 130 °C 


Use (2.6.7) to calculate allowable “‘hot’’ 
torque. 


= 80(1 = 0.002 x 65) x 6.48 
ah 4/7 + 0.00393 x 130 


367 oz-in 


Toh 


The derating factor is found by use of 
(2.6.8): 


Toh 1 — 0.002 x 65 
— = —— = 09708 


qT, \/1 + 0.00393 x 130 


or, using the calculated Toh and Ty: 


T 
gh 367 _ 

T 518. 0.708 
g ‘ee 
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2.7. OTHER CHARACTERISTICS 


Other mechanical motor characteristic be- 
sides those previously discussed (speed and 
torque Output, power dissipation, and elas- 
ticity) are also important. These are: 
mounting accuracies: noise problems (such 
as mechanically generated audible noise, 
noise and dynamic balancing, noise caused 
by side loading, bearing and brush noise); 
environmental considerations; brush wear; 
and motor life. Each of these characteris- 
tics will be covered separately in the fol- 
lowing discussion. 


Further, we will discuss the problems of 
demagnetization. 


MOUNTING. 


As an illustration of the construction accu- 
racies built into a servomotor, we will look 
at an Electro-Craft ET-4000 motor integrally 
mounted with a M-110 Tachometer, as 
shown in Fig. 2.7.1. 


Tachometer, integrally mounted. 
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Fhe outline drawing (Fig. 2.7.2) shows 
that the mounting surface is held perpendi- 
cular to the shaft within 0.005 in, which 
means that when the shaft is rotated about 
the mounting surface it can rise and fall no 
more than 0.005 in total when measured 
at a radius of 1.75 in. 


Also note that shaft end play and radial 
play are closely controlled. Radial play 
is especially significant in applications which 
require a stable shaft position when radially 
loaded. 


Projecting above the level of the mounting 
surface is a close-tolerance, circular pilot 
boss which, when matched with a pilot 
hole in the mating mounting structure, 
facilitates interchangeability and minimizes 
the need for machine calibration adjust- 
ments. The mounting surface in our illustra- 
tion is fitted with four tapped holes to ac- 
cept screws which clamp it to the mounting 
panel. 


The mounting panel, in addition to con- 
taining the pilot hole and the attachment 
screw clearance holes, must have certain 
other characteristics. |For example, it 
should be stiff enough so that it does not 
deflect significantly when radial loading is 
applied to the motor shaft. Also, it should 
have good thermal conductivity, which is 
particularly necessary if peak performance 
is being demanded of the motor. 


All applications, of course, are not identical: 
but all must adequately consider the factors 
described above. Foot-mounted motors or 


5.98 Ref.. 


1.375 Dia. 


Notes: 
|. Shaft runout: O.OOI in/in. 


78-32 UNC-2B Thru. (4) 
Equally spaced on 3.656 
Dia. BSC. 


10 
|L|A].005 TIR| 3.310 - 
, 4.00 Dia. 


2. Shaft endplay: 0.004 in max. 0.005 in min. when measured with a 


20 ib reversing load. 


3. Shaft radial play: 0.0015 in max. when measured with a 3lb load. 
4. Runout of mtg. surface —B-— within 0.005 T.I.R. measured at 


1.75 in radius. 


Fig. 2.7.2. Typcial outline drawing of a motor. 


those mounted to a gearhead may utilize 
slotted mounting holes and/or flexible cou- 
plings, for example, instead of pilot mount- 


Ing. 
NOISE 


Mechanically generated audible noise is 
usually an unwelcome output from any 
machine, and DC servomotors are no ex- 
ception. Unfortunately, however, accept- 
able noise limits are difficult to define and 
even more difficult to verify, since quanti- 
tative noise measurements are costly. Con- 
sequently, in the interest of economics, 
noise is seldom specified as a measurable 
parameter. In those applications which 
require it, noise is controlled qualitatively 


by means of some readily measured output, 
such as a vibration level, which can be at- 
tributed to rotor imbalance, excessive side 
loading, excessive bearing noise, and impro- 
per bedding of brushes to the commutator. 


NOISE AND DYNAMIC BALANCING 


Critical speed of a motor is the speed at 
which vibrational resonance occurs. This 
critical speed should be as far above the 
maximum operating speed of the motor as 
practical to avoid undue amplification of 
the vibration amplitude. For this reason, 
and since servomotors are intended for 
rotational services, the rotors should be 
dynamically balanced; i.e., balanced under 
running speeds. 
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The higher the operating speed, the more 
critical dynamic balancing becomes. For 
very high speed operation, the rotor should 
be balanced at the operating speed rather 
than at the normally used standard bal- 
ancing speed. The amount of rotor im- 
balance which can be tolerated depends on 
the particular motor and applications. In 
general, however, it can be said that for 
satisfactorily, smooth and quiet operation, 
rotor vibration must not result in motor 
accelerations greater than a fraction of stan- 
dard gravitational acceleration, g. 


NOISE CAUSED BY SIDE LOADING 


Excessive side loading of the output shaft 
can result in shaft bowing and _ internal 
misalignments, thus causing noisy operation 
due to overloading of the bearings. To 
avoid this, a particular motor design must 
be matched to the application. 


BEARING NOISE 


Excessive bearing noise can be caused by a 
mismatched ball complement, dented races, 
ring distortion, misalignment, insufficient 
lubrication, or overloading. Bearings which 
exhibit rough, noisy operation should be 
replaced. Sleeve bearings, while they are 
usually quieter than ball bearings, are not as 
suitable as ball bearings for many applica- 
tions. They require more length than ball 
bearings and use a lower viscosity lubricant, 
which is more likely to migrate to unwanted 
locations in the motor. Moreover, they are 
not as well suited for carrying axial loads. 
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BRUSH NOISE 


Smooth operation of the brushes on the 
commutator enhance the quietness of the 
motor. This is often one of the most 
difficult factors to control, since it is de- 
pendent on the initial surface finish, cylin- 
dricity, concentricity, subsequent wear and 
filming of the commutator, bedding of the 
brushes to the commutator, and fitting of 
the brushes to their holders. Material 
content of the brushes will also contribute 
to the noise factor. Brushes having high 
metal content (which is introduced to re- 
duce resistance) are far noisier than non- 
metallic brushes. Therefore, it may be 
necessary to sacrifice low brush resistance 
in order to achieve quieter motor operation. 


ENVIRONMENTAL CONSIDERATIONS 


Motors which operate in environments 
which are more severe than a standard 
room temperature environment usually re- 
quire special design attention. For example, 
at high altitudes, motors must be provided 
with specially treated brushes; in elevated 
temperatures, motors must be either derated 


or provided with cooling;and when exposed 


to chemical liquids or fumes, dust or dirt, 
motors require additional sealing. All of 
these affect the useful life of the servomotor. 


BRUSH WEAR 


The key to proper brush operation is the 
commutator surface film formation. The 
film prevents undue wear, and yet permits 
alow resistance current path between brush 


and the commutator. A variety of condi- 
tions affect the film maintenance, but two 
basic factors are dominant: brush pressure 
and the current density of the brush. 


The inter-relationship of brush pressure and 
brush wear is shown in Fig. 2.7.3, where 
the optimum wear region is shown as an 
operational area between the electrical wear 
region (insufficient pressure to insure pro- 
per conductance) and the mechanical wear 
region (high pressure which destroys the 
film). Thus, the brush spring must be de- 
signed so that the brush pressure will stay 
in the optimum wear region during its wear 
life. 


Region of electrical wear 


Region of mechanical wear 


\ 


| | 
| | 
| | 
| | 


Brush wear 


Fig. 2.7.3. Generalized picture of brush wear at 
a constant speed under varying brush pressure. 


The brush must be designed with sufficient 
cross-sectional area with respect to its con- 
ductance value to insure cool operation 
under worst-case current conditions. 


Brush life, then, depends on load condi- 
tions, commutator surface velocity, oper- 
ating temperature, humidity level, vibration, 


— Optimal 
| oe operating 
| __pressure_ 


Brush pressure 


reversing cycles, choice of brush and spring 
material, commutator design, commutator 
finish and runout, to mention the most 
important factors. 


Today’s DC permanent magnet motor has 
brush designs which exceed 5 000 hours 
life in normal uses. Electro-Craft Corpora- 
tion has Moving Coil Motors which have 
qualified for use in incremental motion sys- 
tems, measuring the life span in hundreds 
of millions of start-stop cycles of pulse 
currents of 20-30 A. Brush selections in 
Electro-Craft motors have been made after 
many years of life testing under various 
conditions. 


MOTOR LIFE 


In a typical application, the service-free 
life of a motor may exceed 10 000 operating 
hours. The useful life of a DC servomotor 
is dependent on the severity of its applica- 
tion. Operating a motor continuously at 
rated output will result in shorter life in 
terms of operating hours when compared 
with operation at a lower average power 
level. Life is limited by brushes, bearings, 
and winding insulation. 


Brush life is influenced by the brush mate- 
rial, geometry, brush spring pressure, com- 
mutator, motor duty cycle, and operating 
environment. Brush life is reduced by 
electrical erosion, which will cause rapid 
wear of the brushes and commutator, and 
also by excessive spring pressure, rough 
commutators, reduced atmospherical pres- 
sure, or by the presence of abrasive particles. 
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Bearing life is dependent on loading, speed, 
and lubrication. Most servomotors have 
their bearings loaded to only a small portion 
of their rated capacity, but are operating at 
a relatively high speed. Lubrication must 
then be considered. 


Ball bearings utilize a grease to inhibit cor- 


rosion, transfer heat, and to prevent the 
entry of contaminating particles. For each 
bearing application there is an optimum fill 
of grease. Deviating from the optimum by 
using either too much or too little grease, 
or perhaps a grease of different composition, 
can shorten the life of the bearing. 


Sleeve bearings are usually made from a 
porous material (typically sintered bronze) 
which contains oil to lubricate the bearings. 
Sometimes additional oil is stored in a 
reservoir. | 


The insulation of the motor winding can 
break down with time due to the influence 
of high temperature, rotational stresses, oil 
migration, or contamination with chemical 
fluids or fumes, thus limiting motor life. 


DEMAGNETIZATION OF PM MOTORS 


It was shown that energy conversion is 
accomplished in a PM motor by means of 
the magnetic field provided by the perma- 
nent magnets. These magnets, which pro- 
vide the field, must be activated or mag- 
netized by placing them into a strong 
external field. This initial magnetization of 
the motor is usually accomplished by mag- 
netizing equipment at a stage in the produc- 
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tion process prior to the assembly of the 
motor. Even as the magnets must be mag- 
netized to make them functional, so they 
can be demagnetized to lose their torque- 
developing capability. Such a demagnetizing 
efféct occurs whenever a current flows in 
the motor armature. The armature in effect 
becomes an electromagnet which tends to 
oppose the main stator magnetic flux. 


In most cases this armature demagnetiza- 
tion, which is called armature reaction, has 
only a reversible effect; i.e., when the cur- 
rent goes to zero the magnets return to full 
strength. This is the effect that causes an 
apparent loss in the torque constant, K_, of 
the motor under heavy load conditions. 
However, there is a definite value of current 
which will cause a permanent demagnetiza- 
tion of the motor. When this occurs the 
magnetic field intensity, developed by the 
armature reaction, is great enough to over- 
come the magnetic domains of the magnet 
structure. 


Fig. 2.7.4. shows how armature reaction and 
main field relate to each other. It can be 
seen that if the armature reaction is repre- 
sented by a resultant vector, A, lying along 
the neutral axis there will be successively 
weaker components acting radially outward 
as the angle @ increases. As those compo- 
nent vectors at angles 0 > 0, reach the 
intrinsic coercive strength of the magnet 
material, they will cause the portion of 
magnet opposite them to be permanently 
demagnetized. 


Motor housing 


Magnet segment 


Motor armature 


Fig. 2.7.4. The armature demagnetization, or 
armature reaction effect causes an apparent loss 
in Ky. 


It can be seen that demagnetization is not 
an “‘all or nothing” proposition. Rather, 
the amount of demagnetization is a function 
of the magnitude of armature current. For 
purpose of a standard definition, it is com- 
mon to speak of demagnetizing current as 
the current that will cause a permanent 
decrease of 5% of the torque constant, 
K.. Of course greater values of current 
will cause a greater decrease of Ky. The 
partially demagnetized motor will always 
be stabilized at the reduced value of Ky. 
That means that having been partially de- 
magnetized, it can withstand subsequent 
applications of demagnetizing current with- 
out additional degradation of K,. If a 
motor is demagnetized, it must be dis- 
assembled and remagnetized. 


A major reason for the popularity of PM 
motors in recent years is the high intrinsic 


coercivity of the new ceramic magnets. | 


Armature reaction vectors 


This characteristic permits relatively thin 
magnet segments (for economical motor 
design) to be used without experiencing 
bothersome demagnetizing problems. 


It is common practice in motor design to 
provide the magnets strong enough to with- 
stand armature reaction developed by up to 
seven or eight times the rated current. Thus 
if the rated current for a motor is 5A, itis 
usually safe to assume that current pulses 
up to 35 A can be applied safely. If some 
applications create currents in excess of the 
demagnetizing level, it is necessary for the 
controller to incorporate some type of cur- 
rent limiter. 


Example 7: A motor has the following 
ratings: 


rated current |, = 16A 

armature resistance (at 259C) R = 0.252 
What is the maximum voltage that can be 
applied suddenly with the motor at stand- 
still without running the risk of demag- 
netization? 
Using the 7:1 criterion to determine the 
demagnetizing current for the subject mo- 


tor we obtain: 


l,=7x 16=112A 


At standstill the armature current is limited 
only by the armature resistance; so then, 


V = 112 x 0.25 = 28 V 
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We can assume that applying 28 V is likely 
to cause some demagnetization. Then a 
safe voltage would be 10% less; or, a safe 
voltage Is: 


V=28 x 0.9 = 25.2 V 


Motor demagnetization commonly occurs 
when the motors are used in an application 
requiring a ‘‘plug reversal’. A plug reversal 
means a sudden switching of the polarity 
of the applied voltage to achieve a rapid 
reversal of motor rotation, or perhaps a 
quick stop. When a motor is plug-reversed, 
it sees not only the voltage applied to its 
terminals, but also the armature génerated 
voltage as voltage sources. 


This condition is shown in Fig. 2.7.5. It can 
readily be seen that when this type of 
application is encountered a proper investi- 
gation of the motor demagnetization char- 
acteristics must be made. 


ins , V-Eg he 
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Fig. 2.7.5. In (a) the motor is running in a forward 
manner. In (b) the motor is plug-reversed. The 
generated voltage, EY. is that voltage at the instant 
of reversal. 


Example 2: The same motor used above in 
example 1 is to be used in an application 
where it runs under a no-load condition at 


2-54 


1200 rpm and then must be stopped as 
quickly as possible. If the voltage constant 
of the motor Ke = 18 V/krpm, what is the 
maximum plugging voltage that can be used 
to help stop the motor? | 


At 1200 rpm, the generated armature volt- 
age will be: 


E,= 18x 1.2=21.6V 


From example 1, demagnetizing current is 
112 A. Then the plugging voltage can be 
calculated by the current formula shown 
in Fig. 2.7.5. | 


V= RI, +E, 
= 0.25 (-112) + 21.6 
V= -6.4V 


Again, since the demagnetizing current was 
calculated from an assumed 7:1 ratio of de- 
magnetizing current to rated current, a pru- 
dent designer would downgrade the plugging 
voltage that will be used, or provide current 
limiting. 


In PM motors with Alnico magnets, it is 
often necessary to provide some type of 
protection against demagnetization. The 
most common form of this protection is the 
use of a soft iron pole shoe between the 
armature and magnet. This arrangement is 
shown in Fig. 2.7.6. The high permeability 
of the pole show provides a low reluctance 
shunt for armature reaction flux around the 
permanent magnet, thus protecting It. 


—tLow reluctance path for 
armature reaction flux 


Motor housing 


Permanent magnet 


Soft iron pole shoe 


Motor armature 


Fig. 2.7.6. A soft iron pole shoe is used for por- 
tection against demagnetization. 


2-55 


2.8. MOVING COIL MOTORS (Mcm®)* 


A description of the “‘iron-less”’ or ‘“moving 
coil’’ concept, covered in this section, will 
introduce the reader to the MCM* line of 
permanent magnet DC motors — motors 
with the highest torque to moment of inertia 
ratio of any motor type. Motor ratings and 
their relationship to this unique design is 
discussed, as well as thermal. properties, 
resonance, and demagnetization. 


MOVING COIL MOTORS 


In their efforts to improve the performance 
of servo mechanism actuators, designers 
have continually sought to produce mo- 
tors with higher torque and lower moment 
of inertia. The trend in the design of AC 
servomotors in the late 1940’s and early 
1950’s was to make motors with small 
armature diameter and maximum practi- 
cable magnetic flux density. A high-per- 
formance, low inertia AC servomotor of 
two decades past was capable of a maxi- 
mum acceleration of 15 000 rad/s. 


Dramatic improvements in permanent mag- 
~net motor characteristics accompanied the 
introduction of high-performance Alnico 
materials, and some basic trends in the design 
of DC low inertia motors appeared. One was 
the small diameter iron core armature, 
operating in very high magnetic flux levels. 
The more refined style of this design fea- 
tured conductors bonded to the armature 


*Moving Coil Motor, or MCM isa registered trade- 
mark of Electro-Craft Corporation. 
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core surface: the so-called s/ot/ess armature 


design. This design has great mechanical 
strength, high torsional rigidity and is rea- 
sonably efficient; but it suffers from two 
principal drawbacks: 1) inductance — hence, 
its electrical time constant is great; and 2) 
armature resistance and the torque constant 
are small — requiring very high armature 
currents and low power supply voltages, 
and making the transistor amplifier un- 
necessarily complex and expensive. 


The other design trend, which has since 
gained almost universal acceptance, is the 
moving coil concept. This principle basi- 
cally consists of a multiple d’Arsonval move- 
ment with a commutation arrangement. 
This working concept is not new; patents 
granted at the turn of the century described 
moving coil motors — not necessarily of the 
low inertia variety — but supposedly offering 
high efficiency and good commutation. The 
adhesive and polymer technology being 
what is was then, the inventor had the rotor 
structure held together with iron bands, 
continuing around the circumference, and 
undoubtedly contributing enormous eddy 
current losses. 


The moving coil structure design of the 
present era has followed two general paths: 
the flat disc armature and the ‘‘shell’’ or 
“‘cup’’ armature. The two structures are 
shown in Fig. 2.8.1 and 2.8.2. Both units 
have a multitude of conductors which move 
in a magnetic field, connected in a manner 
explained in section 2.1. The armature 
structure is supported mainly by non-mag- 
netic materials and the active conductors . 
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Fig. 2.8.1. Disc armature motor (“printed” motor). 


are therefore moving in an air gap with a 
high magnetic flux density. 


The moving coil motor is characterized by 
the absence of rotating iron in the armature. 
Since the conductors are operating in an air 
gap, the armature features low inductance, 
hence low electrical time constant — typi- 
cally less than 0.1 ms. The absence of iron 
in the armature also brings about another 
benefit: there is no reluctance torque effect, 
i.e€., NO Magnetic cogging. 


The disc armature motor shown in Fig. 
2.8.1 is often called the ‘‘printed motor”. 
This is in reference to its early production 
process in which the armature was fabricated 
by means of photoetching — similar to the 
technique used in making printed circuits. 
Now printed motors are made from stamped 
segments, which are arranged and joined 
to form a continuous conductor pattern 
and a commutating surface. Fig. 2.8.1 
shows an 8-pole configuration which, when 
assembled, provides flux across an air gap 
of about 0.1 in. Current flow is radial 
across the disc surface, with rotary forces 
acting on these conductors tangentially. 


Armature 


(Hollow cup, shaped 
conductor array) 


Fig. 2.8.2. Shell armature motor. 


The end turns (the path from an active 
conductor under the ‘‘north” pole to the 
corresponding conductor under the adjoin- 
ing ‘‘south’’ pole) are at a relatively large 
radius, and since the moment of inertia of 
a disc increases by the fourth power of its 
diameter, the outer end turns therefore 
contribute a large amount of inertia to this 
type of armature. 


Fig. 2.8.3. Shell armature. 


The she// type armature (Fig. 2.8.2) on the 
other hand consists of a cylindrical, hol- 
low rotor which is fabricated to form a rigid 
shell structure by bonding copper or alumi- 
num coils or ske/ns by the use of polymer 
resins and fiberglass and other structural 
members (Fig. 2.8.3). This method offers 
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Fig. 2.8.4. Typical Electro-Craft MCM motor armatures. 


considerable flexibility in design since the 
manufacturer can offer a variety of wire 
sizes, turns per coil, and diameter and length 
options. 


A sample of the variety of armatures manu- 
factured by Electro-Craft is shown in Fig. 
2.8.4. Because of the cylindrical shape of 
the shell-type armature, the end turns do 
not burden the armature by inequitable 
contributions of inertia. 


Consequently, the shell-type armature has 
the highest torque-to-moment of inertia 
ratio, providing acceleration capabilities of 
up to 1000000 rad/s?. Fig. 2.8.5 shows 
the complete Electro-Craft MCM motor, 
capstan, optical encoder and vacuum mani- 
fold for an incremental tape transport op- 


erating at speed of 200 in/s, capable of 


250 start-stop cycles per second. 


2-58 


Electro-Craft moving coil motors are used 
in incremental tape transports, line printers, 
optical character readers, incremental mo- 
tion drives, phase-locked servos, computer 
printers, machine tool drives and video re- 
corders. 


Fig. 2.8.5. Entire motor, capstan, optical encoder 
and vacuum manifold for tape transport. 


MOVING COIL MOTORS AND 
MOTOR RATINGS 


The moving coil motor has the highest 
acceleration capability of the DC motor 
family; it can handle a start-stop duty cycle 
of several thousand cycles per second. On 
the other hand, it can be destroyed in 
seconds if improperly handled. Therefore, 
a good understanding of the physical make- 
up of this exceedingly fast actuator is im- 
portant to the user. 


Moving coil servomotors obey all the fun- 
damental concepts and equations which 
were developed in section 2.1. However, 
some of their features are unique. How 
moving coil motors differ from conven- 
tional servomotors is discussed in the fol- 
lowing paragraphs. 


One common misunderstanding arises from 
the use of conventional motor ratings among 
the makers of moving coil motors. For 
example, the specification sheet for a high 
performance moving coil motor may state: 
Rated Voltage = 24 V; Rated Current = 8 A. 
This may be a motor which the manu- 
facturer has proposed to be used in a sys- 
tem having an amplifier supply voltage of 
45 V and working at peak currents of 24 A. 
The designer may rightfully ask what mean- 
ing does the ratings have if there is no need 
to adhere to it. 


The use of motor rating numbers originated 
with the specifications for fixed speed mo- 
tors, illustrated in Fig. 2.8.6, where we see 
a typical induction motor torque-speed 


characteristic with the motor rating point 
shown at its maximum output power point. 


, i point 


Speed 


Torque 


Fig. 2.8.6. Typical rating point on an AC induc- 
tion motor. 


In Fig. 2.8.7 we see similar characteristics 
for a conventional DC motor intended for 
use in a drive system. The maximum 
allowable internal power dissipation locus is 
shown as a line emerging from stall speed 
(zero speed) conditions vertically, then 
leaning toward the speed axis as speed in- 
creases. The rating point could then be 
chosen to be at the one location along this 
line which would give the maximum output 
power, thus giving the motor a most favor- 
able rating (if the point would be at a rea- 
sonable, utilizable speed). 


The moving coil motor speed torque charac- 
teristic shown in Fig. 2.8.8 has a maximum 
power dissipation locus which is essentially 
vertical for the useful speed range of the 
motor. One is therefore tempted, in setting 
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Fig. 2.8.7. Rating point on a typical DC motor. 
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Fig. 2.8.8. Rating point for a typical moving coil 
DC motor. 


a rating point for such motors, to choose 
the highest possible speed in such a way as 
to obtain a high rated output power to place 
on the specification sheet. 


Since moving coil motors are used primarily 
for their incrementing ability rather than 
ultra high speed performance, such a rating 
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would be unrealistic. It therefore happens 
that the moving coil motor designer may 
pick a point along the maximum uncooled 
power dissipation locus for the motor at a 
speed which represents a good compromise 
between speed and long life. Then why this 
discrepancy between ratings and actual in- 
tended use? The rating numbers for moving 
coll motors are really obsolete methods of 
describing the performance capability of a 
motor intended for use in incremental mo- 
tion applications, but are still given in 
specifications merely as a concession to 
those who like to see these numbers in the 
rare cases where moving coil motors are 
used in velocity control applications. 


The really meaningful parameters which 
properly describe the performance capa- 
bility of a moving coil motor are the torque 
constant Kr, motor resistance R, motor 
moment of inertia Jae thermal resistance, — 
Ri, and maximum armature temperature, 


©. max: From these parameters most all 


~ essential characteristics can be found or 


derived. Other factors of importance (but 
often not discussed until the customer dis- 
covers them) are shaft and armature tor- 
sional resonance and motor shaft critical 
speed vibrations. 


Going back to the essential parameters we 
recall the following: 


Speed regulation constant 


R 
Rm = KOK | (2.8.1) 


[krpm/Nm; Q, V/krpm, Nm/A] 


or 
[krpm/oz-in; Q, V/krpm, oz-in/A] 
where 
K, = 9.5493 x 10-3 K, (2.1.23) 
[Nm/A; V/krpm] 
or 
K_ = 1.3524 K, (2.1.24) 
[oz-in/A; V/krpm] 


Motor mechanical time constant: 


2. (2.8.2) 


[s;2, kg m2, V/rad s~!, Nm/A] 


Or 


RJ 
= (2.8.3) 


Toy = 104.72 


[s; Q, oz-in-s¢, V/krpm, oz-in/A] 
Maximum armature power dissipation 


(steady state): 


p _ _amax A (2.8.4) 


[W; °C, °C/W] 


where @, is the ambient temperature. 


As we see, all these essential parameters — 
can be derived from the basic ratings given 
earlier. 


THERMAL PROPERTIES 


The thermal resistance of a moving coil 
motor should not be looked on as a single 
number (as given above for simplicity’s 
sake) but as at least two separate numbers: 
an armature-to-housing thermal resistance, 
and a housing-to-ambient thermal resistance. 
In conjunction with this, the thermal time 
constant of each case should be considered. 
This is essential when considering the tran- 
sient temperature characteristics under se- 
vere load conditions, since typical moving 
coil motors may have a thermal time con- 
stant of 20-30 s for armature-to-housing and 
a thermal time constant of 30-60 min for 
housing-to-ambient. It is easy to see that 
the armature could be heated to destructive 
temperatures in less than a minute without 
it giving any warning because of the long 
thermal time constant between housing and 
ambient. 


An analysis of this problem was given in 
section 2.5. | 


In order to prevent thermal destruction, air 
cooling can be provided for the motor. To 
show the effects of varying amounts of air 
cooling on motor power dissipation capabil- 
ity, a graphical illustration of cooling air 
flow aerodynamical impedance and total 
motor thermal resistance, as shown in Fig. 
2.8.9, is usually provided. 
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Fig. 2.8.9. The effect of air cooling on thermal resistance. 


We can see from this figure that a pressure 
in 15 in of H50 will supply 25 cubic feet 
of air per minute, giving a thermal resistance 
of 0.289C/W. By such impedance charts 
a system designer can select the most eco- 
nomical cooling system to fulfill his needs, 
within the thermal resistance range of a high 
of 1.59C/W to an asymptotic limiting value 
of 0.25°9C/W. Note that this chart shows 
total motor thermal resistance; it cannot be 
used for transient studies where the short 
term power dissipation may exceed the heat 
capacity of the motor. 


Almost all moving coil motors are equipped 
with Alnico 5 or 5—7 magnets which have a 
magnetic flux temperature coefficient of 
—0.05%/9C. This means that the armature 
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magnetic flux will decrease by that amount 
as the magnet temperature increases, giving 
a change in torque constant of —0.05%/°C. 
The motor torque constant, K-, is directly 
proportional to the air gap magnetic flux. 
A common error is to calculate the decline 
In the torque constant using the proper tem- 
perature coefficient, but using the armature 
temperature as parameter. This gives the 
wrong answer, since the magnet temperature 
never reaches the maximum armature tem- 
perature. For calculation purposes the 
housing-to-ambient thermal resistance can 
be used as a guideline for the magnet tem- 
perature. It generally amounts to a worst- 
case decline of torque constant by a few 
percent. 


RESONANT PHENOMENA IN MOVING 
COIL MOTORS 


Due to the unique construction of moving 
coil motors and their use in high-perfor- 
mance (wide bandwidth) servo systems, the 
resonant characteristics may cause problems 
to the user. The most prominent resonant 
mode is the torsional resonance between the 
motor armature and the load, and between 
the motor armature and the tachometer. 
Theory of this torsional resonance is de- 
scribed in full detail in section 2.3.4. Fig. 
2.8.10 shows a plot of tachometer output 
with the motor armature excited by a con- 
stant amplitude, variable frequency input 
signal. At lower frequencies, up to 10 Hz, 
the tachometer output is essentially con- 
stant. At the mechanical “‘break”’ frequency, 
48 Hz, the tachometer response declines —6 
dB per octave up to 3 kHz, then a sharp 
resonant peak occurs at 4.7 kHz, rapidly 
declines, and again peaks at 5.9 kHz. 


5.9 kHz 


(Arm-shoft end 


resonance) 


4.7 kHz 
(Arm-tach: 
resonance) 


| fe) 100 tetera) 10,000 
—> frequency (Hz] 


Fig. 2.8.10. Bode plot of an unloaded motor- 
tachometer. 


This example shows the behavior of the 
motor-tachometer unit without being con- 
nected to a load. When a typical inertial 
load is direct-coupled to the motor shaft, 
the plot takes the appearance shown in 
Fig. 2.8.11. Note that the resonant peak 
between armature and shaft with load has 
decreased to 3.8 kHz, and this is what the 
servo system designer should look at in 
designing servo system bandwidth and com- 
pensation. The amplitude of the resonances 
and respective frequencies will dominate the 
servo characteristics in high-performance 
systems, and it is very important to have 
these characteristics measured and estab- 
lished before the system design is completed. 
Thus, if a given motor model and shaft 
configuration would prove to be difficult 
for the designer to reconcile, the motor 
manufacturer has means of suggesting and 
providing alternatives to solve these prob- 
lems. 


4.7 kHz 
(Arm-tach 
resonance) 
3.8 kHz 


“| fe) Tele) Keyeye) 10,000 
—, frequency [Hz] 


Fig. 2.8.11. Bode plot of motor-tachometer with 
inertial load. 
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Fig. 2.8.13. Mechancial diagram of a moving coil motor armature and shaft. 


Another phenomenon which has been puzz- 
ling to many motor users is Critical speed 
resonance. The term critical speed is used 
here advisedly, since it is not the classical 
critical speed phenomenon described in 
various mechanical textbooks. The classical 
critical speed problem is generally defined 
as the speed at which a shaft will resonate 
in a bending mode equivalent to that of the 
‘free bar’’ bending as shown in Fig. 2.8.12. 


Note the similarity between the “‘free bar”’ 
and the moving coil shaft-armature arrange- 
ment in Fig. 2.8.13. 


The true critical speed is that at which the 
time (period) of one revolution will be 
equivalent to the period of free bar reso- 
nance oscillations. For the machine sizes 
we are discussing, the true critical speed 


Fig. 2.8.12. Classical example of a “free bar” 
bending. 
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would occur in the range of 20000 to 
50 000 rpm — much higher than any prac- 
tical useful speed for devices under dis- 
cussion. However, the bending resonance 
oscillations can be excited at shaft speeds 
lower than the true critical speed, such as, 
for instance, by the commutation frequency. 


Thus it turns out that critical shaft speeds 
of a moving coil motor are defined by the 
following equation: 


60 f,K, 
n. “NK, [rom:Hz,—] (2.8.5) 


where 


f, is basic “free bar’’ resonance frequency 
of armature shaft and load 


N is number of commutator bars 
K, =1,2,4,8 


Ko = 1,2 and sometimes 4 


At these critical speeds the problem may 
manifest itself as a peak in audio noise with 
tendency for the output shaft to exhibit 
“whip’’. The resonance is induced by the 
commutation current flowing in the wind- 
ing, generating a torque vector which dis- 
turbos the shaft radially. This excites the 
free bar resonance oscillations of the shaft 
and armature assembly, and may transmit 
forces into end caps and other structural 
members, causing audible noise. 


The factors K, and K, contribute har- 
monics of the fundamental resonant fre- 
quency with amplitudes dependent on spe- 
cific internal component configurations. 


Electro-Craft has developed several means 
of coping with this problem, and can supply 
moving coil motors which will meet the 
most rigid critical speed resonance stan- 
dards. 


DEMAGNETIZING CURRENT 


Moving coil motors are generally not as sus- 
ceptible to demagnetizing peak currents as 
iron core motors because of their significant 
airgap and special pole shoe design. Ex- 
perience at Electro-Craft with moving coil 
motors shows that peak current limits are 
set not by demagnetizing effects, but by 
structural and conductance limits in the 
armature structure and brush assembly. 


QD 
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2.9. SPECIALTY MOTORS — Permanent 
Magnet Motors With Variable K+ 


2.9.1. INTRODUCTION 


While the permanent magnet DC motor has 
many advantages over other motor types 
for speed control and servo applications, 
in some instances its inherent characteristics 
cause problems. Such applications are, 
typically, digital tape transport drive sys- 
tems, where high torque forward drive and 
high speed rewind requirements exist; and 
numerically controlled production machine- 
ry, where close position control and rapid 
traverse conditions prevail. Typically, these 
applications require the motor to run inter- 
mittently at light load and high speed, and 
other times at heavy load and low speed. 


The problem is caused by the inherent 
correlation between the torque constant 
K, and voltage constant K, (see section 
2.1.). Thus, when the designer desires large 
torque constant to achieve large torque 
without unduly high current, he then under- 
writes the need for a high voltage from the 
amplifier for the high speed condition. On 
the other hand, if he limits the amplifier 
voltage, he needs a smaller voltage constant 


Ip <—_ 


Fig. 2.9.1. Schematic of wound-field motor 
showing separately excited field winding. 
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and torque constant, and he must now 
supply a higher current for the torque 
application. Since the ratio of optimum 
K, for the two modes can easily be 3:1, 
we can see that the servo controller cost 
can be a big factor in making design deci- 
sions. 


2.9.2. THE WOUND-FIELD MOTOR 


The shortcoming of the PM motor is due 
to its constant permanent magnet field; or, 
in terms of its transfer function characteris- 
tic, it is the invariance of the torque con- 
stant, K;. A solution to the problem of 
prohibitive amplifier costs is to use a motor 
with an adjustable K,. The small Ky can 
then be employed when high speed is re- 
quired and the large K for the high torque 
mode. A variable K, motor permits an 

economical amplifier design. | 


As is often the case in going to the wound- 
field (WF) motor, a number of undesirable 
things also develop. The motor will be 
substantially larger and heavier (see Fig. 
2.9.2) because of volume required by the 
field windings. This could cause problems 
with the installation and maintenance of 
the motors. The wound-field motor is 
usually more expensive than the PM motor 
of comparable rating. This is also due to the 
added costs of the field windings and larger 
housing. A third factor to consider is the 
loss of magnetic detent. While a PM motor 
can be designed so that it will require a 
measurable torque to turn it from a position 
of minimum reluctance, when power is re- 
moved from the field winding of the WF 
motor there is nothing to prevent the shaft 


from turning. This can be very annoying if 
the application requires that a certain shaft 
position is to be held after power is removed. 
In some cases, it is necessary to add a fail- 
safe brake to prevent shaft rotation, as in 
the case of a tape reel unwinding due to the 
weight of tape. 


Housing Field 
windings 


PM MOTOR WF MOTOR 


Fig. 2.9.2. A comparison of the relative sizes of 
wound-field and permanent magnet motor diame- 
ters. 


2.9.3. NEW MOTOR TYPES 


From the foregoing discussion it can readily 
be seen that the ideal DC servomotor would 
have cost and performance characteristics 
of the PM motor and also the versatility of 


speed control as exemplified by the wound- 


field motor. This ideal motor has been the 
goal of DC servomotor manufacturers for a 
number of years. The efforts in this direc- 


tion have resulted in several new types of 
special purpose motors which offer some 
attractive characteristics. The motors de- 
scribed in the following paragraphs are the 
subjects of patent applications action by 
Electro-Craft Corporation. 


The Hybrid Motor 


An early approach to the design of a motor 
that would incorporate desirable features 
of the “ideal motor” was the hybrid motor 
shown in cross-section in Fig. 2.9.3. The 
hybrid motor simply took a ‘‘wound” field 
and put it in series with a PM field with 
both encompassing a common armature. 


PERMANENT MAGNET WOUND FIELD BRUSH COMMUTATOR 


Fig. 2.9.3. The hybrid motor showing permanent 
magnet and wound-field functions in one armature. 


The portion of the armature rotating in the 
PM field generates a torque that is propor- 
tional to the magnetic flux density and the 
length of conductors therein. This part of 
the armature is designed also to provide 
magnetic detent. Another portion of the 
armature rotates within the ‘‘wound”’ field 
and generates a torque that can either add 
to or subtract from that due to the PM. By 
properly proportioning the relative lengths 
of WF and PM portions of the armature, the 
motor K, can be changed by a fixed ratio 
merely by switching the polarity of the 
voltage applied to the field winding. 
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variation in torque constant can be achieved 
very easily with a relatively small field 
winding power. The field winding can be 
equipped with acenter tap so that the wind- 
ing polarity can be simply switched by 


means of a flip-flop when triggered by an — 


appropriate signal. The dual mode charac- 
teristics of a hybrid motor (the Electro- 


Craft 5260) are shown in Tab. 2.9.1. It | 


can be seen that the 3:1 ratio is obtained 
with only 50 W of field power required. 


Trial SRR 
voltage voltage 
on WF on WF] 

; 
1450 hat 2850 | 


Tab. 2.9.1. The hybrid motor characteristics. 


Torque constant 
[oz-in/A] 


No-load speed at 
—30V [rpm] 


Field winding 
power - 50 W 


Although the hybrid approach offers some 
desirable application characteristics it does 
not achieve the full cost savings potential 
—and efficiency of the PM motor. A portion 
of it does have the cost and bulkiness of 
the WF motor associated with it. 


The DAARC Motor 


The not completely satisfactory costs and 
bulk of the hybrid motor led to the DAARC 
concept. DAARC is a handy acronym 
which derives from the words “Direct Axis 
Armature Reaction Control”. The acro- 
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description of the principle of operation of 
the motor, which seems to offer the most 
potential at this time. 


The principle of operation of the DAARC 
motor can most easily be understood by 
considering Fig. 2.9.4. It shows the arrange- 
ment of magnets and armature conductors 
on either side of the air gap in the PM 
motor. It can be seen that armature current 
developes a triangular mmf distribution 
around the air gap. The peak absolute 
values of the armature mmf (also called 
armature reaction) coincide with the place- 
ment of the brush axis. If the brush axis is 
shifted, the armature reaction axis will 
shift with it. Now in a normal motor the 
brush axis is usually placed close to the 
field quadrature axis since this is the most 
efficient area in developing torque. In con- 
trast current introduced through brushes 
on the direct axis would produce zero 
torque. Getting back to Fig. 2.9.4, it can 
be seen that the armature mmf tends to in- 
crease magnet flux at one corner of the 
magnet and decrease it at the other corner. 


Brush Housing 


‘Armature mmf 


Magnet mmf 


i 


Direct _axis 
Quadrature axis 


Fig. 2.9.4. Armature mmf in a DC permanent 
magnet motor. 


is 


Magnet mmf 


Quadrature ax 


Direct axis 
Direct axis 


Fig. 2.9.5. Armature mmf in a DC permanent 
magnet motor with brushes shifted 90°el. 


In a normal motor, the two effects will 
approximately offset and there is little 
effect on motor action. Now suppose that 
the brush axis in Fig. 2.9.4 is shifted 90°el 
so that the positive peak is aligned with the 
north pole axis. This arrangement is shown 
in Fig. 2.9.5. It can be seen that the arma- 
ture mmf is now working in opposition to 
the permanent magnet, and will act to 
decrease the air gap flux. Thus, by con- 
trolling the current to the direct axis 
brushes, the air gap flux (and hence torque 
constant) can be reduced to a desired lower 
level. This is the principle of the DAARC 
motor operation. 


Fig. 2.9.6. Location of brushes ina DAARC motor. 


Brushes (4) 


Quadrature © 
axis 


Permanent 
magnets << 


Of course, current going to brushes on the 
direct axis will not develop torque or motor 
rotation. It is therefore necessary to add 
another set of brushes on the quadrature 
axis for motor operation. The arrangement 
of brushes is shown for a two-pole configu- 
ration in Fig. 2.9.6. The direct axis brushes 
are used to control air gap flux. They can 
be excited by a predetermined fixed voltage 
to drop the motor Ky to the desired level 
for high speed operation. The quadrature 
axis brushes are excited by the servo ampli- 
fier in the normal manner to develop torque 
and achieve the desired speed. 


The DAARC approach has several advan- 
tages over other approaches. Since a zero 
net voltage is generated across the direct- 
axis brushes, armature resistance is theoreti- 
cally the only limiting parameter on direct 
axis current. This means that a low voltage 
source is sufficient to supply the current 
to these brushes. By actually reducing the 
magnetic flux in the air gap the rotational 
losses of the motor due to iron loss and 
circulating currents are made small. These 
losses are otherwise proportional to speed 
and can become excessive at high speeds. 


Perhaps the greatest advantage of the 
DAARC motor approach is the potential 
for cost savings. The basic cost structure is 
that of a PM motor with the addition of an 
extra set of brushes. In the practical case 
some additional design changes to optimize 
DAARC operation do add back cost but 
overall cost is very favorable compared to 
wound-field motors. 
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Without | with direct 


direct axis |... 
| | axis current 
| current = | 


| Torque constant 
| [oz-in/A] 


| No-load speed at 
30 V [rpm] 


Direct axis input 
power - 120 W 


Tab. 2.9.2. The DAARC motor characteristics. 
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Test data from an actual motor is shown in 
Tab. 2.9.2. It is seen that the motor char- 
teristics are comparable to those of the 
hybrid motor as shown in Tab. 2.9.1. 


The DAARC motor is a response to a re- 
quirement for avery special kind of motor. 
It istruly a good example of the saying that 
“necessity is the mother of invention”. 


2.10. MOTOR TESTING 


This section will enlighten the reader as to 
how a motor manufacturer checks motor 
parameters. Incoming inspection and trou- 
bleshooting charts are included to com- 
pletely describe tests performed on motors. 
The following tests are described: 


End play 

Radial play 

Sha ft runout 

Moment of inertia 

Resistance 

Inductance 

Friction torque and starting current 

No-load current and rotational losses, no-load 
voltage, no-load speed 

Demagnetization current 

Torque constant 

Voltage constant 

Electrical time constant 

Mechanical time constant 

Torque ripple 

Speed regulation constant 

Efficiency 

Frequency response 

Thermal resistance 

Thermal time constant 


Air flow impedance 
END PLAY 


A movement of a motor shaft in the axial 
direction, caused when an axial force is 
applied on either end of the motor shaft, 
is termed end play. To measure the amount 
of end play, a hub is placed on the motor 
shaft, the motor is locked in a test fixture, 
and an indicator point is placed touching 


the hub. A predetermined force is applied 
on one end of the shaft such as F, in 
Fig. 2.10.1, and the deflection is noted on 
the indicator. The indicator displays the 
end play directly. 


Indicator mounting rod Mechanical indicator 


-—Locking clamp 


Motor under test 


Test fixture 


ne sees ae ee 


Fig. 2.10.1. End play test setup. 


RADIAL PLAY 

The amount of deflection of the motor 
shaft in response to a radial force in the 
radial direction is termed radia/ play. The 
amount of radial play is determined by 
placing a hub on the motor shaft at a 
specific distance from the mounting surface, 
locking the motor in a test fixture and 
placing an indicator point on the hub. A 
predetermined force, such as F, in Fig. 
2.10.2, is applied at a specific distance 
from the mounting surface, first in one 
direction, then in the other. The total dis- 
placement measured is the radial play. 


Bet screw 


Fo 
Distance B 
os Test hub 
as eee = Mechanical 
ZO) aa ie indicator 
|p ee 


SH 


| Distance'A’ 


Fig. 2.10.2. Radial play test setup. 


| 
| 


q 
4 


Motor under test 
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“SHAFT RUNOUT 


As a motor shaft rotates it may exhibit 
non-concentric characteristics. The amount 
of wobble is termed runout. To measure 
runout, an indicator point is placed on the 
motor shaft at a specific distance from the 
mounting surface, see Fig. 2.10.3. The 
shaft is rotated through one revolution and 
deflection is measured on the indicator 
which reads shaft runout directly. 


--Indicator mounting rod 


Motor under test 


Mechanical 


indicator Locking clamp 


Vee block 


“—Test fixture 


Fig. 2.10.3. Runout test setup. 
MOMENT OF INERTIA 


Inertia is the inherent property of bodies 
which resist any change in their state. A 
measure of this property is the moment 
of inertia. There are two means of measuring 
moment of inertia. The first involves an 
inertial measuring device, while the second 
method makes use of the torsional pendu- 
lum technique. Both methods relate mo- 
ment of inertia through a mathematical 
proportionality to the square of the period 
of oscillations. 


An inertial measuring device as shown in 
Fig. 2.10.4 will quickly and accurately pro- 
vide the desired result. 
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Armature under test 


; Spica Oscillation starting 
—_ lever 


Part being measured is 
an E.C.C. MI450 moving 
coil armature 


Leveling device 


Fig. 2.10.4. Inertial measuring device. 


First attach acollet to the shaft, then mount 
this into the test fixture, turn on the oscilla- 
tion lever, and read the period of oscilla- 
tions. Remove the armature from the collet 
and read the period of oscillations of the 
collet only. Moment of inertia, J, can be 
calculated from: 


J=C (1? —tF | (2.10.1) 


where 


C isthe calibrated constant of the instru- 
ment 


t, is the period of oscillations of arma- 
ture and collet 


t, is the period of oscillations of collet 
only 


The second method of measurement re- 
quires acollet and master cylinder of known 
moments of inertia and approximately the 
same size as the armature under test. 


Attach the collet to the armature under 
test and connect as shown in Fig. 2.10.5. 


ee 


_7—~ Approximately 3ft of .O10 
wee to O32 diameter music wire 


——Collet 


Master cylinder 


or 
Armature under test 


Fig. 2.10.5. Alternate method of measuring the 
moment of inertia. 


Give the armature a half twist and allow 
it to oscillate freely while recording the 
time for 20 oscillations. Attach the collet 
to the master cylinder and repeat the above 
procedure. Moment of inertia of the arma- 
ture under test can be calculated from: 


t. \2 
_ 2 
es ce (2.10.2) 


where 


J, is moment of inertia of master cylinder 
and collet 


Jo is moment of inertia of collet 


ty is time of 20 oscillations of master 
cylinder and collet 


to is time of 20 oscillations of armature 
under test and collet 


RESISTANCE 


In this procedure, the motor under test is 
driven and the resistance of brushes, com- 
mutator, and armature winding is measured 
dynamically. Resistance values are specified 
at 25 °C: therefore, readings should be made 
quickly to avoid heating effects; the current 
should be about 1/4 of the rated current. 


A power supply is connected across the 
terminals of the motor under test while it 
is being driven with a low-speed motor, as 
shown in Fig. 2.10.6. 


Current is adjusted for a predetermined 
level and voltage is measured. Resistance is 
calculated from: 


V 


R=5 


(2.10.3) 


& 


INDUCTANCE 


In measuring /nductance, the motor under 
test is connected to the impedance bridge as 
shown in Fig. 2.10.7. The Q and L settings 
are alternately adjusted for minimum volt- 
meter readings. When the minimum read- 
ing is obtained, the L setting indicates the 
motor inductance. Repeat above procedure 
for three other shaft positions 90° apart, 
and take the average of the four readings to 
determine the motor inductance, L.- 
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Fig. 2.10.6. Motor resistance test. 
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Fig. 2.10.7. Impedance bridge measurements of inductance. 


FRICTION TORQUE AND 
STARTING CURRENT 


When current becomes sufficient to over- 
come torque caused by static friction, mo- 
tor rotation will start. The minimum cur- 
rent is called starting current, and the 
static friction termed friction torque. 
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Friction torque can be measured by two 
methods. The first utilizes a torque watch, 
and the second involves current and voltage 
measurements. In using a torque watch, 
attach the watch to the motor shaft as in- 
dicated in Fig. 2.10.8, and start to rotate 
the torque watch slowly. Torque as indi- 
cated on the watch will be friction torque. 


Repeat this procedure at three other posi- 
tions 90 degrees apart in both clockwise 
and counterclockwise rotation directions. 
The highest reading is the maximum friction 
torque, Ty. 


A Torque watch 


tos Motor under test 


Fig. 2.10.8. Torque watch method of measuring 
friction torque. 


The second method is based on starting cur- 
rent measurements as an indicator of start- 
Ing torque. 


To measure the minimum current required 
to start rotation, the motor under test is 
connected as illustrated in Fig. 2.10.9. 
Voltage is slowly increased until the motor 
shaft barely turns. This current value is the 
starting current, I... 


DC 
Ammeter 


DC 
Voltmeter 


Motor under test 


Fig. 2.10.9. 
current required to overcome friction in order to 
start motor rotation. 


Test setup for measuring minimum 


The friction torque may be calculated by 
using the starting current value which was 
just measured, and the formula: 


(2.10.4) 


NO-LOAD CURRENT AND 
ROTATIONAL LOSSES, NO-LOAD 
VOLTAGE, NO-LOAD SPEED 


Not all input power supplied to a motor is 
converted into mechanical power. There 
are both mechanical and electrical losses. 
If a motor is rotating with no load on its 
shaft, a small current will still be drawn. 
This is no-load current, | directly attri- 
buted to rotational losses. 


ao’ 


With the motor connected as in Fig. 2.10.- 
10, a predetermined (rated) voltage is ap- 
plied. The measured current is termed the 
no-load current, |; motor speed is termed 
no-load speed, n 5: 


A plot is actually made for determining 
rotational losses. Voltage is adjusted to 
correspond to motor speed from 500 rpm 
up to the maximum allowable safe motor 
speed, in increments of 500 rpm, while re- 
cording currents and voltages. If losses in 
units of [oz-in/krpm] are desired, the Kyl, 
values versus speed are plotted. If losses in 
units of [W/krpm] are desired, the current 
lo times the input voltage V versus speed 
is plotted. The slope of the line will give 
rotational loss in appropriate units. 
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Fig. 2.10.10. Measuring no-load current and no-load speed. 


DEMAGNETIZATION CURRENT 


When the motor is subjected to high current 
pulses, the magnets may become demagne- 
tized. This results in a lowered K,, and 
requires more current to produce the same 
torque as before demagnetization. 


The motor under test is actually demagne- 
tized to obtain the demagnetization current. 
The procedure is: 


1. Note voltage required for motor speed 
of 1000 rpm. 


2. Insert motor in test circuit of Fig. 
2.10.11, lock its shaft, apply a step 
voltage for a short period of time and 
measure the current. 


The above procedure is repeated, always 
increasing the magnitude of step voltage 
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of test #2, until test #1 requires 2% less 
voltage to maintain 1000 rpm. The current 
which causes the 2% change is the demag- 
netization current. 


TORQUE CONSTANT 


The measurement of the motor torque con- 
stant, Kz, will require a dynamometer or a 
torque indicating instrument. This test 
method is based on the setup shown in 
Fig. 2.10.18. Keep the motor running at a 
constant speed, while adjusting the load of 
the dynamometer up to the rated load of 
the motor. The results of the measurements 
can be plotted, as shown in Fig. 2.10.12, 
and an average slope established which will 
give 
AT 


Kr= ay (2.10.5) 


DC 


Power supply 


0.011 


Oscilloscope 


Fig. 2.10.11. Demagnetization current test. 


—_> T 


Fig. 2.10.12. Minimizing measurement errors in 
establishing Kr. 


Another way of determining K+ is to calcu- 
late the value based on the measurement of 
the voltage constant Ke (see following 
test). The torque constant is always related 
to the voltage constant in the following way: 


K, = Ke [Nm/A; V/rad s~"] 
(2.1.22) 
K, = 9.5493 x 10-3 K, (2.1.23) 
[Nm/A; V/krpm] 


[oz-in/A; V/krpm] 


K_= 1.3524 Ke 
(2.1.24) 


The ease with which this measurement can 
be made makes it the most suitable produc- 
tion acceptance test. 


VOLTAGE CONSTANT 


The voltage constant, Ke, can best be 
tested by running the motor as a generator 
(driven by another motor) and measuring 
the generated voltage, E. while measuring 
the shaft speed, n. The voltage constant 
is then obtained by the following relation- 
ship: 


E 
Ke=— = [V/krpm; V, krpm] (2.1.18) 


A typical setup is shown in Fig. 2.10.13. 
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E-650 Master Control 


Fig. 2.10.13. Arrangement for. motor back-emf 
test to determine Ke (voltage constant) and Ky 


(torque constant). 


ELECTRICAL TIME CONSTANT 


The electrical time constant of a motor may 
be calculated from the measured values of 
motor inductance, L., and armature resis- 
tance, R, as follows: 

L 


om [s; H, Q] (2.3.30) 
In an alternative method using a direct 
measurement, a step input voltage is applied 
to the motor armature with the motor shaft 
locked, and the exponential rise of the 
motor current is measured on an oscillo- 
scope. The time required for the current 
to rise to 63.2% of its final value is equal 
to the electrical time constant, Tesi of Fig. 
2.10.14a. 
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The motor is connected as in Fig. 2.10.14b. 
A step input voltage is applied and current 
through a resistor of low value (Ry< 0.1 R, 
where R is the armature resistance) is moni- 
tored on the scope in the form of the volt- 
age V5. The time required for current to 
reach 63.2% of its final value is measured 
and the value of 7, determined. 


The present discussion is based on the 
assumption that the armature impedance is 
a series combination of a resistance and an 
inductance. Hence, it can be written as 


Zs) = R+sL, (2.10.6) 


Te 


Fig. 2.10.14a. Measuring electrical time constant. 
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Fig. 2.10.14b. Electrical time constant test setup. 


While this description is valid for ‘““conven- 
tional’’ iron core motors, it is found that 
the impedance of moving coil motors is 
approximately [see Fig. 2.3.1. and Eq. 
(2.3.1)] : 


sLR, 


Z(s) = R+o 
sL,+R, 


(2.10.7) 


where Ry is an additional resistance in 
parallel with L,, making the inductance 


term not quite orthogonal to R. The parallel 
resistance, R,. is very large for iron core 
rotors; for these the approximation of the 
resistance-inductance series combination is 
valid. 


MECHANICAL TIME CONSTANT 


The mechanical time constant, eee defined 
by (2.3.29) can be measured in several ways. 
For example, if a motor is given a step volt- 
age, the time required for a motor to reach 
63.2% of its final speed is the mechanical 
time constant, provided the electrical time 
constant of the armature does not affect 
the measurement. 


Moving coil motors usually have 7,<0.17,_, 
and such measurement is possible if a 
tachometer is provided for speed measure- 
ments. 


The mechanical time constant can also be 
measured by noting the mechanical break 
frequency, fh. in the frequency response 
test (to be described under ‘Frequency 
Response” in this section). The mechanical 
time constant can be derived from the mea- 
sured break frequency as follows: 


T [s; Hz] (2.10.8) 


monk, 


In cases where the electrical time constant 
is of the same order as the mechanical time 
constant, the measurement is a bit more 
complex and is beyond the scope of this 
brief treatment. However, Tm, can be cal- 
culated [see Eqs. (2.3.29), (2.8.2), (2.8.3), 
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and (4.1.26)] from known values of mo- 
ment of inertia, armature resistance and 
torque constant as follows: 


__JR 
m- KeKy 


(2.10.9) 


[s;kg m2, 2, V/rad s~'!, Nm/A] 
TORQUE RIPPLE 


The output torque of a DC motor at low 
speeds appears to be constant, but under 
closer examination it has in fact a cyclic 
component as illustrated in Fig. 2.10.15. 
This cyclic action is referred to as torque 
ripple, and is caused by the switching action 
of the commutator (and sometimes by the 
armature reluctance torque). 


Actual Apparent 


— SY 4 


—_— > { 


Fig. 2.10.15. Torque ripple 


Although torque ripple usually is a very 
small percentage of the rated output torque, 
and in most applications can be neglected, 
there are times when it may be critical; it 
therefore becomes necessary to have a means 
of checking torque ripple. 


By connecting the motor under test to the 
apparatus as illustrated in Fig. 2.10.16, 
measurement of torque ripple can be made, 
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if the moment of inertia of the measuring 
device is much smaller than the motor mo- 
ment of inertia (otherwise inertia filtering 
takes place and the ripple measurement will 
be invalid). 


The percent peak-to-peak ripple torque can 
be calculated from: 


7 Peak-to-Peak Torque Ripple 


1) 
r Average Output Torque 100%] 


(2.10.10) 
SPEED REGULATION CONSTANT 


The motor under test is operated at rated 
voltage from no load to 1.5 times the maxi- 
mum continuous torque, while speed and 
torque are recorded. Readings must be 
taken quickly to avoid overheating. The 
data is plotted in a speed versus torque 
curve as shown in Fig. 2.10.17. 


Speed regulation constant is the slope of 
the line and may be determined from: 


(2.10.11) 


This value can be also calculated using the 
formula: | 


m Ke K+ (2.8.1) 


EFFICIENCY 


The motor is connected in the test apparatus 
as shown in Fig. 2.10.18. The speed n and 
output torque T,, at which efficiency will 
be checked, should correspond closely to 
actual conditions under which motor will 
be used. Input voltage V and current I, 
are measured. Efficiency can be calculated | 
from: 


——p 3 
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Fig. 2.10.16. Torque ripple test setup. 
Speed regulation constant =slope 
9" 
n = 1.0472 x 104 (2.10.12) 
VI, 
[%; Nm, krpm, V, A] 
Or 
Tn 
Rated 1.5 x rated —> T 1 = 73.948 (2.10.13) 
torque torque | Vv I 
Fig. 2.10.17. Speed-torque curve of a motor at 
rated voltage. [%;: oz-in, krpm, V, Al 
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Fig. 2.10.18. Motor efficiency test setup. 


FREQUENCY RESPONSE 


The determination of motor-generator fre- 
quency response and resonant frequencies 
points can be performed in a simple test 
setup shown in Fig. 2.10.19. The amplifier 
shown is Electro-Craft’s Motomatic Control 
System Laboratory amplifier, but any amp- 
lifier with a response from 5 Hz to 10 kHz 
will do. The MCSL unit is convenient in 
that it has adjustable gain and a current 
limiting output stage, preventing accidental 
overload of the motor or amplifier. 


The test is done by first establishing a con- 
venient reference level at a low frequency. 
Then the frequency region of interest is 
scanned and pertinent points recorded. A 
typical plot of frequency response of a 
motor-tachometer was shown earlier in Figs. 
2.8.10 and 2.8.11. 
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Fig. 2.10.19. Frequency response test setup usinga 
Motomatic Control System Laboratory amplifier. 


THERMAL RESISTANCE 


Measurement of thermal resistance of a mo- 
tor is generally done by the manufacturer; 
it is not usually possible for a customer to 
disassemble a motor and make the neces- 
sary alterations to perform this test. How- 
ever, it may be of interest to the reader to 
understand how thermal tests are performed 
at Electro-Craft Corporation, and we will 
therefore briefly describe these tests. 


A small calibrated thermistor is inserted in 
the expected “‘hot spot” as in Fig. 2.10.20 
(in some motors several such thermistors 
are used, where the worst-case hot spot ts 
not known). In most cases, the thermistor 
output leads are brought out through slip 
rings so that dynamic testing can be per- 
formed. 


The motor is run at a power level com- 
parable to that in an actual application 


Heatsink 


(Fig. 2.10.21). Once the motor has reached 
thermal equilibrium, record input voltage 
V, input current |,, motor speed n, output 
torque T,, armature temperature ©., and 
ambient temperature © ,. 


Thermal resistance (armature-to-ambient) is 
calculated from: 


Rey = (2.10.14) 


[°C/W; °C, W] 


where the power loss in the motor is given 
by 


PL =P —P, 
P, = VI, — 104.72 T)n (2.10.15) 


[W; V, A, Nm, krpm] 


, Leadwires from 
thermistor 


<——— Brushes 


in winding 


Fig. 2.10.20. Inserting a thermistor in motor armature 


for thermal resistance test. 


2-83 


Motor under test— 


DC 
DC Ammeter 


Power supply (a) 
DC 
Voltmeter 


Speed 
counter 


Heatsink 


ip 


we 
= 
© 
rf 
ae) 


Resistance | 
Bridge : 


Leadwires from 
thermistor 
Dynamometer 


Fig. 2.10.21. Thermal resistance test setup. 


or 


P, = VI, — 0.73948 Tn (2.10.16) 


[W; V, A, oz-in, krpm] 
THERMAL TIME CONSTANT 


Thermal time constant is the time required 
for temperature to attain 63.2% of its final 
value, as 74, In Fig. 2.10.22. 


Final 
temperature 


63.2 %o of 
find 

temperature 
Og 


| 


Fig. 2.10.22. Armature temperature versus time 
curve. 
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To measure the thermal time constant, the 
thermistor arrangement need in the thermal 
resistance test is used and the motor is con- 
nected as shown in Figs. 2.10.23 and 
2.10.24. The motor is energized with a step 
function of power, which is held constant 
during the test. The strip chart recorder 
measures the armature temperature rise, 
and after thermal equilibrium is attained, 
the chart will appear as in Fig. 2.10.25. 


The armature thermal time constant can be 
determined from the chart paper by mea- 
suring the record, as shown in Fig. 2.10.25. 
The thermistor calibration characteristic in 
circuit connection of Fig. 2.10.24 must be 
considered. 


This example is based on a single thermal 
time constant for the sake of simplicity; 
as shown earlier in section 2.5., a motor 
has at least two independent thermal time 
constants. 


Locking device to 
prevent shaft from 
rotating 


DC 
Ammeter 


| 


Tt 


DC recorder 
Voltmeter 
Test fixture See figure 2.10.24 


Fig. 2.10.23. Thermal time constant test setup. 


| design of the air cooling channels will in- 
g{j—_—__-— 


fluence the air flow in such a way so as to 


“__ 3V battery 
To thermistor | j j | | a 
wadiauta cy ae resist or impede that flow. Air flow imped 
at 25°C) ance is a measure of this influence, and is 
ion Te bivpechart fecoias: given as air flow rate (volume per unit of 
time) divided by given pressure, e.g. in units 
of 


Note: The | kf resistor is used as a source 
of voltage signal for strip chart 
recorder and also os o means of 


limiting the current in the thermistor m? /min ft? /min CFM 
at in of H50 in of H50 


Fig. 2.10.24. Circuit used in thermal time con- 
stant test. 


Vihwo Finishing point-—> 


Ven(7) — corresponding to 63.2% 
of final temperature 


AIR FLOW IMPEDANCE 


Vth 


By increasing the air flow through a motor, 
the heat removal rate is increased, thereby 


substantially increasing the output power O/Start point nate 
capability of the motor. When air is forced 
through a motor, the internal parts and Fig. 2.10.25. Record of strip chart recorder. 
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Following are two alternate tests. One 
utilizes an air flow meter, while the other re- 
quires air pressure gages, a plastic bag, and a 
container of known size. The latter test is 
perhaps a little less accurate, but it is handy 
for occasional tests with a minimum of 
equipment outlay. 


In the first test method, the motor under 
test is connected as in Fig. 2.10.26. With 
the blower on, the air flow rate on the air 
flow meter and the air pressure are recorded 
and plotted. The damper is adjusted in- 
creasing the air flow rate, while data is 
plotted, until a curve similar to that in 
Fig. 2.10.27 is obtained. 


Air flow meter 


Motor under test 


—-Manometer tube 


Fig. 2.10.26. Air flow meter method of measuring 
air flow impedance. 


For the second method, the motor is con- 
nected as in Fig. 2.10.28, with air inside 
the plastic bag evacuated. The blower is 
turned on and the damper adjusted for a 
predetermined pressure, then the air hose 
is connected to the plastic bag and a stop 
watch is started. Time to fill the bag and 
air pressure are recorded. Aijr flow rate is 
calculated, and the above procedure re- 
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peated until a graph similar to Fig. 2.10. 
can be plotted. 30 
25 


Air flow impedance 


20 


e) S) ie) 5 20 25 
Inlet pressure (in of H,0) 


Fig. 2.10.27. Example of a motor air flow imped- 
ance. 


Input air hose Container 


Motor under test 


Manometer tube 


Note: Keep air hose lengths short as possible. 


Fig. 2.10.28. Alternate scheme of measuring air 
flow impedance. 
Example of calculating air flow rate: 


Container Volume = 4.7 ft® 
Air pressure = 1 in of H50 


Average time to fill bag = 23 s 


_ 4.7 8 

Air flow rate = 93 5 
pails 60 = 12.3 CFM @ 1 in of H50 
33° i | 2 


2/ 


Air flow (CFM) 


Air pressure gage 


INCOMING INSPECTION OF MOTORS 


The following list of motor parameters is 
intended to serve as a basic guide for in- 
coming inspection tests. Whether this list 
is expanded or shortened would depend on 
the testing program (for example, 100% 
testing or sampling techniques) and on in- 
dividual customer needs, as well as the type 
of motor under consideration. 


MOTOR TESTING PARAMETERS 
1. Visual Inspection 


A. LEADWIRES — LOOK FOR: 


NICKED, CUT OR CRACKED INSULATION 
WHICH EXPOSES BARE WIRE. 


PROPER COLOR IDENTIFICATION. 
PROPER STRIPPING OF LEADWIRE ENDS. 


CONNECTORS AND TERMINALS (IF USED) 
ARE PROPERLY ATTACHED 


B. OUTPUT SHAFT(S) 
RUST OR FOREIGN SCALE. 


NICKS OR UP-SETS, WHICH MAY CAUSE 
AN OVER-SIZE CONDITION. 


IF PINIONS OR GEARS ARE USED, CHECK 
FOR BURRS WHICH MAY CAUSE IMPRO- 
PER MATING. 


2. Elect 
A 


z= oOo nmr mom wo oo) 


. BALL BEARINGS 


CHECK FOR DAMAGED SHIELDS. 


PROPER INSTALLATION OF RETAINING 
RINGS. 


. PILOTS AND LOCATING SURFACES 


NICKS, BURRS, OR UPSETS WHICH MAY 
CAUSE IMPROPER MATING OR ALIGN- 
MENT. 


PROPER FINISH (IRRIDITE, ANODIZE, ETC., 
IF APPLICABLE). 


. BRUSH HOLDERS 


CHECK FOR LOOSE OR CRACKED BRUSH 
HOLDERS. 


LOOSE OR CRACKED BRUSH HOLDER 
CAPS. 


. NAMEPLATES 


PROPER LABELING AND IDENTIFICATION. 


rical and Mechanical Checks 
. END PLAY 

. RADIAL PLAY 

. SHAFT RUNOUT 

. RESISTANCE 

. NO-LOAD CURRENT 

. NO-LOAD SPEED 

. TORQUE CONSTANT 

. VOLTAGE CONSTANT 


. ABNORMAL NOISE 
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Problem 


Motor Runs Hot 

NOTE: 
Don‘t judge the motor 
temperature by feel. 
Use an appropriate 
temperature measuring 
device. 


Motor Burns Out 


High No-Load Speed 


High No-Load Current 
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1. 


7 


MOTOR TROUBLESHOOTING CHART 


Probable Causes 


. Excessive load. 


. Maximum speed of motor 


exceeded for long periods 
of time. 


. High ambient temperature. 


. Worn bearings. 


. Short-circuited coils in 


armature. 


. Armature rubbing 


. Same as “Motor Runs 


Hot”’ 


Demagnetization of mag- 
nets. Maximum pulse 


current to avoid demagneti- 


zation exceeded. 


Worn bearings. 


. Worn or sticking brushes. 


. Magnets demagnetized. 


Corrective Action 


. Determine if motor rating is correct for 


given load. Inspect coupling between motor 
and load for excess drag. 


. Re-check motor maximum speed rating. 


. Re-check motor rating for given ambient 


temperature. Reduce ambient temperature 
by providing ventilation. 


. Replace bearings. 


. Repair or replace armature. 


. Note cause of rubbing. Remove obstruction 


or replace with new armature. 


. Any of the conditions listed in ‘‘Motor Runs 


Hot” will cause a motor to burn up if not 
detected in time. Replace motor and correct 
problem when possible to avoid recurrences. 


. Remagnetize magnets. 


. Replace bearings. 


. Replace brushes. Check brush holder slots 
_ for obstructions. 


. Remagnetize magnets. 


Problem 


Low Output 
Torque at Rated 
Input Power 


High Starting Current 


Erratic Speed 


Probable Causes 


. Armature rubbing. 


. Excessive pre-load on 


bearings. 


. Misaligned or cocked 


bearings. 


. Magnets demagnetized. 


. Open or shorted armature 


winding. 


. Excessive motor drag. 


. Worn bearings. 


. Worn or sticking brushes. 


. Obstruction in air gap. 


. Armature rubbing. 


. Magnets demagnetized. 


. Open or shorted armature 


winding. 


. Misalignment between 


motor and load. 


. Varying load. 


. Worn or sticking brushes. 


. Obstruction in air gap. 


. Worn bearings. 


Corrective Action 


. Note cause of rubbing. Remove obstruction 


or replace with new armature. 


. Remove excess shims. 


. Remove armature and bearing assembly and 


re-insert same with proper alignment. 


. Remagnetize magnets. 


. Repair or replace armature. 


. Check for any added friction spots such as 


worn bearings, rubbing armature, misalign- 
ment between motor and load, etc. 


. Replace bearings. 


. Replace brushes. Check holder slots for 


obstructions. 


. Remove obstruction. 


. Note cause of rubbing, remove obstruction 


or replace with new armature. 


. Remagnetize magnets. 


. Repair or replace armature. 


. Re-align coupling to reduce drag. 


. Re-adjust load. 


. Replace brushes. Check brush holder slots 


for obstructions. 


. Remove obstruction. 


. Replace bearings. 
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Problem 


Reversed Rotation 


Excessive Brush Wear 


Excessive Bearing Wear 
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Pa) 


Probable Causes 


. Open or shorted armature 


winding. 


. Motor leadwires to power 


supply reversed. 


. Magnets have reversed 


polarity. 


. Incorrect spring tension. 


. Dirty or rough commutator. 


Incorrect brush seating 
(off center neutral) 


. Excessive load 


. Short circuited coils in 


armature. 


. Loose-fitting brushes. 


. Vibration 


. Lack of moisture. 


. Belt tension too great. 


Misalignment of belt, 
coupling, or drive gears. 
Unbalanced coupling 

or too closely meshed 
gears. Excessively heavy 
flywheel or other load 
hung on motor shaft. 


Corrective Action 


. Repair or replace armature 


. Reverse leadwires. 


. Rotate magnet and housing assembly to 


proper orientation or remagnetize. 


. Springs may lose temper due to excessive 


heat. Replace brush with proper spring 
material and tension. | 


. Clean or re-machine commutator. Insure a 


good surface finish. 


. Check to see that motor is properly 


neutralized. 


. Check the value of rated current vs. the 


actual. If over the mfg. rating, the excessive 
heat and current would speed brush wear. 


. Repair or replace armature. 


. Check brushes and brush holder slots for 


proper size. Replace as needed. 


. The armature should be dynamically 


rebalanced. The vibration causes brush 
bounce, hence, arcing and excessive wear. 


. Operating in a near vacuum condition causes 


rapid brush wear. Use a special treated or 
“high altitude” brush. 


. Correct mechanical condition. Limit radial 


load to mfg. specification. 


Problem 


Excessive Noise 


Probable Causes 


. Dirty bearings. 


. Insufficient or inadequate 


lubrication. 


. Excessive thrust load. 


. Bent output shaft causing 


excessive vibration. 


. Unbalanced armature. 


. Worn bearings. 


. Excessive end play 


. Misalignment between 


motor and load. 


. Motor not fastened 


firmly to mounting. 


. Dirt in air gap. 


. Amplified motor noises. 


. Rough commutator. 


Corrective Action 


. Clean or replace bearings. If condition is 


bad, provide means for shielding motor from 
the dirt. 


. Review bearing mfr. recommendation for 


type and amount of lubricant to use. 


. Reduce the load or obtain a motor designed 


to handle the required thrust load. 


. Remove armature and check shaft with 


mechanical indicator. Straighten if possible 
or replace armature. 


. An unbalanced armature can set up vibrations 


that can be easily felt. The armature should 
be rebalanced dynamically. 


. Replace bearings. 


. Add washers (shims) to the motor to take 


up end play. Re-check friction level and end 
play as excessive pre-load will cause early 
bearing failure. 


. Correct mechanical conditions of misalign- 


ment. 


. Correct mechanical condition of mounting. 


. Noise is irregular, intermittent and 


scratchy: dismantel and clean motor. 


. Uncouple motor from load and allow it to 


run. If noise persists, loosen the mounting 
bolts and lift motor while it is still running. 
If motor is quiet, the mounting was acting 
as an amplifier. If possible, replace with a 
cushion type mounting to reduce noise. 


. Re-machine commutator. 
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Problem 


Excessive Radial 
Play 


Excessive End Play 


Excessive Vibration 


Shaft Will Not Turn 
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Probable Causes 


. Shaft loose in bearing I.D. 


. Worn bearings. 


. Bearings loose in end cap 


bearing bore. 


. Improper shimming. 


. Unbalanced armature. 


. Worn Bearings. 


. Excessive radial play. 


. Open or shorted armature 


winding. 


. No input voltage 


. Motor bearings tight or 


seized. 


. Load failure. 


. Dirt or foreign matter in 


air gap. 


. Excessive load. 


. Open motor winding. 


Corrective Action 


. Check fits, the I.D. of the bearing should be 


a light press fit. 


. Replace bearings. 


. The bearings should be free to slide in the 


bearing bore. However, the clearance should 
not be excessive. If excessive, replace end 
cap. 


. Add shims as needed. Re-check motor for 


proper end play. 


. Re-balance armature dynamically to proper 


level. 


. Replace bearings. 


. See corrective action for “‘excessive radial 


play’. 


. Repair or replace armature. 


. Check at motor leads for proper input 


voltage. 


. Replace bearings. 


. Disconnect motor from load and then 


determine if motor will run without load. 
(Check load to see if it turns freely.) 


. Remove the obstruction. 


. Check the load. It may be enough to stall 


the motor. 


. Check for open windings. Repair or replace 


armature. 


Problem Probable Causes Corrective Action 


7. Brushes may be worn enough so that they 
do not touch commutator. Clean brushes 
and brush holders so that brushes move 
freely. Replace if necessary. 0 


7. Worn or sticking brushes. 
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2.11. DC GENERATORS 
INTRODUCTION 


The DC tachometer-generator is a rotating 
electromagnetic device which, when me- 
chanically driven, generates an output volt- 
age proportional to speed. This character- 
istic can be used in applications requiring 
either shaft speed readout or closed-loop 
speed control or stabilization. 


Fig. 2.11.1 illustrates an application in 
which.a tachometer-generator, or a tachom- 
eter as it is often called, is used in conjunc- 
tion with a voltmeter calibrated directly in 
speed units (rom) to provide speed readout 
— in this case at a remote control station. 


However, the most important application of 
tachometers is in servo systems, where they 
are employed to provide shaft speed feed- 


Tachometer 


back signal in speed control systems, as 
shown in Fig. 2.11.2. A tachometer pro- 
viding rate feedback signal to improve sta- 
bility of a position servo system is shown 
in Fig. 2.11.3. | 


THEORY 


The basic theory of the DC motor in 
Chapter 2. applies to the DC tachometer, 
but while the DC tachometer can be viewed 
essentially as a small DC motor, it has some 
important distinguishing requirements: 


1. The tachometer shall provide a DC 
voltage proportional to the shaft 
speed, with a controlled linearity; 


2. The output voltage shall be rela- 
tively free from rotation dependent 


voltage ripple or random voltage 


Remote Control Station 


Fig. 2.11.1. Tachometer providing shaft speed readout. 
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changes in the frequency range in 4. There is no requirement that the 
which the tachometer is to be oper- tachometer provide any significant 
ating; power; hence, the design considera- 
tions are mainly directed at solving 
problems related to requirements 1, 
2 and 3 above. 


— 


. The voltage gradient K, should be 
stable with ambient and device 
temperature variations; 


) 


Load 


Feedback 
compensation 


Fig. 2.11.2. Block diagram of speed servo with tachometer feedback. 


iS. ss ” 


Rate a 
feedback Cm) 
compensation 2 = 


i 


_ 
QI 


Position 
feedback 
compensation 


Fig. 2.11.3. Block diagram of position servo with tachometer damping. 
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Thetachometer develops an output voltage 
proportional to shaft speed, with voltage 
polarity dependent on direction of rotation. 
Fig. 2.11.4 shows a relationship between 
tachometer speed and output voltage, which 
can be expressed mathematically as: © 


(2.1.18) 


where E, is the tachometer output voltage 
and n is the tachometer speed. Kg, is the 
proportionality constant between output 
voltage and speed, i.e. the voltage constant 
of the tachometer. 


——_ > Nn 


Fig. 2.11.4. Tachometer output voltage vs. shaft 
speed. 


TYPES OF DC GENERATORS 


There are basically two types of DC genera- 
tors: the shunt-wound generator and the 
permanent magnet generator. The shunt- 
wound tachometer for feedback purpose is 
obsolete, however, and the permanent mag- 
net units are universally accepted for their 
compactness, efficiency and reliability. 
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The majority of DC tachometers are of the 


conventional iron-copper armature type. 


In many cases Electro-Craft provides the 
tachometer with coin silver commutators, 
which gives highly reliable commutation 
for cases where the tachometer is run for 
extended periods of time at very low 
speeds — a difficult operational condition 


for copper commutators. A variety of 


windings can easily be provided on iron 
core armatures; thus, a wide range of Kp 
values can be supplied. 


Moving coil tachometers are, in principle, 
identical to moving coil motors, as described 
in section 2.8. with one important differ- 
ence: a high number of coils per pole is 
desirable to minimize ripple voltage. 


Essentially, the moving coil concept is 
characterized by a lack of iron in the arma- 
ture design. The armature windings consist 
of a cylindrical, hollow rotor, composed of 
wires and held together with fiber-glass and 
polymer resins. Because the armature is 
not burdened by iron in its design, this 
hollow or shell-type armature has the lowest 
moment of inertia of any DC tachometer 
type. Since coil inductance is low, due to 
the absence of iron, moving coil tachome- 
ters have an extremely low ripple ampli- 
tude, approximately 1% peak-to-peak for 
Electro-Craft tachometers. This makes 
moving coil tachometers excellent, not only 
in low inertia applications, but in precision 
speed controls as well. The ripple content 
is sometimes difficult to measure, since 
most test methods produce inherent ripple 


contributions of the same order of magni- 
tude. Suitable test procedures are discussed 
in detail in section 2.12. 


MOUNTING FEATURES 


Tachometers can, of course, be used as 
separate devices; but in a majority of servo 
applications the tachometer is closely con- 
nected to a motor. 


A unique solution to the motor-tachometer 
combination is represented by Electro- 
Craft's patented Motomatic® motor-ta- 
chometer (Figs. 2.11.5 and 2.11.6). In this 
device the tachometer winding is wound 
on the motor armature alongside the motor 


Motor end Generator end 


Fig. 2.11.5. Cross-sectional view of Motomatic 
motor-tachometer. 


winding. Due to the use of magnets with 
low permeability and high coercivity, there 
is no significant interaction between the 
two windings over a wide range of operating 
conditions. A thermistor-resistor network 
minimizes the effect of the temperature 
dependent magnetic flux on the tachom- 
eter voltage gradient. The ‘‘Motomatic”’ 
system — the motor-tachometer used with a 
transistor amplifier — has been preferred for 
speed control applications for many years, 
and its applications range from blood 
pumps, crystal-pulling machines and semi- 
conductor spinners to textile machines, 
motion picture editing machines, and auto- 
matic welding machines. 


While the Motomatic motor-generator per- 
forms excellently for wide range speed 
controls, it has a limitation in its ability to 
respond rapidly in high-performance servo 
systems, due to the magnetic coupling be- 
tween the two windings. Thus, for servo 
bandwidths beyond 15-20 Hz the tachom- 
eter must be physically separated from the 
motor armature. 


Fig. 2.11.6. Electro-Craft’s Motomatic armature. Motor and tachometer 
windings simultaneously wound on the same armature. 
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Fig. 2.11.7. Motor and tachometer on a common 
shaft (Electro-Craft E-576). 


Fig. 2.11.7 shows a cross-sectional view of 
a patented Electro-Craft design of a motor- 
tachometer (E-576) on a common shaft. 
This design combines the advantage of rig- 


RS os tds 


sill il 
sis sia it if Hai ui 


idly coupled motor-tachometer armatures, 
which are magnetically separated, with in- 
dependently adjustable magnet mounting 
features. The device represents a good com- 
bination of high-performance features with 
economical manufacturing attributes. 


A photograph of the armature assembly is 
shown in Fig. 2.11.8, and the assembled 
unit is shown in Fig. 2.11.9. The physical 
separation of the armature enables servo 
bandwidths of up to 100 Hz to be achieved. 


Fig. 2.11.9. The assembled unit E-576. 
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Fig. 2.11.10. Cross-section of an Electro-Craft 
Moving Coil Motor-Tachometer. 


Commutator 


When moving coil motors are equipped with 
tachometers, it is necessary to mount the 
tachometer external to the motor housing, 
but still with the moving coil tachometer 


Fig. 2.11.11. Electro-Craft M1030-110 Moving Coil 
Motor-Tachometer. Motor and tachometer arma- 
tures are rigidly mounted on the same shaft. 


armature rigidly coupled to the motor shaft. 
Fig. 2.11.10 illustrates a typical moving 
coil motor-tachometer combination. Be- 
cause of the low armature moments of 
inertia and rigid shaft connections, the 
torsional resonance frequency between mo- 
tor armature and generator armature is over 
3.5 kHz — well beyond most servo require- 
ments. The assembled unit is shown in 
Pid. Bel Vel ta 


In some cases a customer may want to 
mount a tachometer to a motor on his 
own, perhaps as shown in Fig. 2.11.12. 
Since firm alignment of two independent 
sets of bearings presents problems, the two 
shafts are usually joined by a flexible cou- 
pling. This coupling, in turn, may limit the 
performance of the servo system due to the 
torsional resonance introduced by the cou- 
pling. It is therefore advisable to use the 
factory-assembled, direct-coupled motor- 
generators whenever possible. 


TEMPERATURE EFFECTS 
Tachometers can be grouped into four main 


classes according to the accuracy of their 
Output: 


1. Ultrastable generators 

2. Stable generators 

3. Compensated generators 

4. Uncompensated generators 
The desired accuracy of each individual 
system design determines which generator 


to employ. 
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Fig. 2.11.12. Assembly of a separate motor and tachometer, using a flexible shaft coupling. 


Ultrastable Generators 


This class of generators will show tempera- 
ture errors of less than 0.01% per °C of 
temperature change. To achieve this low 
level of temperature sensitivity, a stable 
magnet material is used which has a low 
temperature coefficient, such as Alnico 8 
or Alnico 5, in combination with a com- 
pensator alloy in the magnetic circuit. 
Additional design features minimize heating 
effects in the area of the magnet. This type 
of unit is the most costly of the four. 


Stable Generators 

This group of tachometer-generators will 
exhibit temperature errors ranging up to 
0.02% per °C of temperature change. They 
are usually based on uncompensated Alnico 
5 magnets. This class of generators is a bit 


less costly to build, and will usually be- 


quite satisfactory for many applications. 
Compensated Generators _ 


This group of tachometer-generators is char- 
acterized by temperature errors in the area 
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of 0.05% per °C of temperature change over 
a restricted temperature range. This type of 
unit utilizes lower cost ceramic magnets in 
combination with thermistor temperature- 
compensating networks to achieve a level of 
temperature sensitivity that is adequate for 
several applications. A minor disadvantage 
of this type of unit is that its output imped- 
ance is generally higher than that of the 
previously mentioned ones. Because of the 
compensating circuitry and the effective- 
ness of the compensation, this group is 
limited to a temperature range of up to 
75 OC. 


Uncompensated Generators 


This group has the lowest cost of the four 
types mentioned here. It is characterized 
by temperature errors ranging up to 0.2% 
per °C of magnet temperature. This type of 
unit is often adequate for damping purposes 
in position servos, where adequate phase 
margin is provided in the initial design. 


EXAMPLE: \t is desired to use a motor-ta- 
chometer combination in a constant speed 
drive where the speed must not vary by 
more than 2% of set speed over a tempera- 
ture range of 20 °C to 70 °C. What type 
of tachometer-generator should be used? 


The specified temperature range means that 
the tachometer-generator will see a tempera- 
ture change of ~ 


A® = 70 — 20 = 50 °C 


The allowable temperature coefficient of 
output voltage must be: 


= 0.04%/°C 


2% 
We, < 
Vv "50 °C 


The stable group of tachometer-generators 
would be the proper choice here to give this 
desired performance at the lowest cost. 


LINEARITY AND LOAD EFFECTS 


The ideal tachometer-generator would have 
an output voltage vs. speed characteristic as 
shown earlier in Fig. 2.11.4, a perfectly 
straight line. If a generator is run within 
its rated speed range (usually below 6000 
rom) one can expect such linear behavior. 
However, if a generator designed for low 
speed operation, is run at very high speed 
(above 10000 rpm), aerodynamic lift or 
commutator runout may cause a drop in 
the voltage-speed characteristic such as 
shown in Fig. 2.11.13. This, of course, 
represents abnormal operating conditions, 
and is not recommended. 


[. non- 


linearity at very 
high speed 


—_——P 


Fig. 2.11.13. Abnormal tachometer characteristic. 


Fig. 2.11.14. Schematic of tachometer connected 


to resistive load R,- 


The effect of load impedance can be de- 
rived from the schematic in Fig. 2.11.14. 


The loop equation can be written as: 


E, = RI, t+ V=Ke_en (2.11.1) 
Since: 
V= R, |, 


we obtain after substituting into (2.11.1) 
and rearranging 


RL 


v= —— 
R+R, 


Ken (2.11.2) 
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This shows output voltage to be a function 
of load resistance, R armature resistance, 
R, tachometer voltage constant, Ke, and 
speed, n. R, does not affect linearity, but 
does affect the gradient V/n. The tendency 
is, then, to make Ry, as high as possible to 
get high voltage gradient. However, in order 
to keep a good commutation surface, the 
value of R, should be in the 5 to 10 k& 
region. In cases where the tachometer- 
generator is run for long periods at very 
low speeds (less than 100 rpm), it may be 
necessary to use values of R, even lower 
than that in order to maintain good com- 
mutation. A rule of thumb is that in such 
cases a current I, = 0.1 to1 mA should be 
maintained. 


Linearity can be specified by limiting the 
maximum deviation of the voltage-speed 
characteristic from a straight line drawn 
between zero speed point and the output 
voltage at a specified calibration speed. 
This maximum deviation is usually specified 


as a percentage of the output voltage at the 


calibration speed. 


The percent linearity error can be expressed 
mathematically as: 


n 
V-—V, 
C 


V 


Cc 


A = 100 [%] (2.11.3) 


where 
A is the linearity error 
V is output voltage 
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n is tachometer speed 
n, is a specified calibration speed 
V, is output voltage at n, 


The calibration speed, n,, that is specified 
for a particular generator should be estab- 
lished at 83.3% of the maximum operating 
speed of the application. 


EXAMPLE: \f a tachometer-generator has 
the following characteristics: 


Ke = 7 V/krpm 
and its linearity error is 
As 0.2% over speed range 0 to 4000 rpm, 


what is the maximum deviation from a per- 
fect straight line characteristic at 1500 rpm? 


For the maximum speed of 4000 rpm the 
calibration speed should be: 


n, = 0.833 x 4000 = 3332 rpm 


The output voltage at the calibration speed 
iS: 


V, = Ken, = 7 x 3.332 = 23.324 V 
The output voltage at 1500 rpm should be 


V=Ken=7x15 =10.5V 


We can calculate the maximum allowable 
deviation at 1500 rpm by solving (2.11.3) 
for V and subtracting the theoretical out- 
put voltage of 10.5 V. 


(2.11.4) 


0.2 1500 
— : =e ed — ' 4 V 
V 23304 (92 + 100) 10.542 
A V = 10.542 — 10.5 = 0.042 V=42 mV 


0 
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2.12. GENERATOR TESTING 


Because of the many inherent similarities 
between motors and generators, a good 
share of the device testing procedures and 
setups are identical. This is the case for the 
following characteristics and performance 
parameters, and the reader is directed to the 
discussion in section 2.10. for detailed 
procedure. 


End play 

Radial play 

Shaft runout 
Moment of inertia 
Inductance 
Friction torque 


The following discussions present suggested 
tests and measurements which, in addition 
to those above, provide a complete reper- 
toire of generator inspection routines. 


OUTPUT IMPEDANCE 


With a motor driven generator connected as 
in Fig. 2.12.1, generator no-load output 
voltage is recorded. Switch SW1 its then 
closed, applying a load to the generator, 
then the coarse (R1) and fine (R2) resistors 
are adjusted until the output voltage equals 


Voltmeter 


Resistance decade 


iO turn precision dial 
readout potentiometer 


Fig. 2.12.1. Generator output impedance test. 
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one-half of the no-load output voltage, as 
recorded above. The resistors’ values at 
this point equal the generator output im- 
pedance. 


VOLTAGE GRADIENT 


The generator output voltage is proportional 
to the speed of armature. In testing for 
generator voltage gradient, the generator is 
driven at 1000 rpm with a voltmeter mon- 
itoring Output voltage. Voltage at 1000 
rpm is equal to generator voltage gradient, 
Ke, in units of [V/krpm] . 


VOLTAGE POLARITY 


Generator output is checked to verify that 
a specific voltage polarity exists for a given 
direction of armature rotation. 


GENERATOR RIPPLE 
lron-Core Generator Ripple 


DC tachometer-generator ripple is generally 
specified in two alternate ways. In non- 
critical applications, it is given as the ratio 
of RMS value of AC components of the 
output voltage to its average DC value; in 
cases where good control of ripple is essen- 
tial, it is the ratio of peak-to-peak value of 
AC components to average DC value. The 
latter measurement requires an oscilloscope, 
and the former requires true RMS and DC 
voltmeters. 


The fundamental ripple frequency is dic- 
tated by the number of commutator seg- 


ments, and can be calculated by the expres- 
sion shown below: 


f,-—pekun [Hz; —, krpm] 


[2.12.1) 
where 
u- is number of commutator segments 


k 1 if u is even 


2 if u is odd 


a 
il 


nis shaft speed 
R R= 0,10kN,30kN 


ro 


Rotatable 
brush rigging 


RC Scope 
(— Filter 


-— Tachometer-Generator 
OV, 5A OC MCM Servomotor 


(regulated) 


Supply to = 


motor IY: UX Chuck 
GAAS Le 


‘Vibration-free table 


Fig. 2.12.2. Tachometer-generator test setup. 


The RMS ripple measurement is simply 
made by connecting a DC voltmeter and a 
true RMS voltmeter with an AC input net- 
work to the tachometer terminals, while 
the tachometer is driven at a constant speed 
in the region of interest. The RMS percent- 
age ripple is determined as follows: 


V 
— RMS 
(¥, Rms = 100 Vay [%] (2.12.2) 


The peak-to-peak measurement is discussed 
in the following section, and illustrated in 
Fig. 2.12.2. 


Moving Coil Tachometer Ripple 


Moving coil tachometers having peak-to- 
peak ripple amplitude of the order of 1% 
are difficult to test, because most test 
methods contribute inherent shaft velocity 
ripple of the same order of magnitude. 
The following test method was developed 
at Electro-Craft Corporation to test motor- 
generators designed for use as capstan mo- 
tors for digital tape transports, but can as 
well be applied to any motor-tachometer 
or single tachometer having low ripple speci- 
fications. 


The Electro-Craft test is based on the 
principle that the motor is run “‘open loop” 
with a heavy flywheel attached directly 
to the output shaft. No compliant cou- 
pling is used. A suitable collet or non- 
marring chuck can be used to couple the 
flywheel to the shaft. The flywheel, in con- 
junction with the motor, effectively filters 
out any mechanical ripple due to commuta- 
tion or to motor torque ripple. 
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Considerable care is necessary in performing 
this test to insure that the motor-tachom- 
eter under test is suitably isolated from all 
sources of external mechanical and electrical 
interference. 


This test should be performed only on 
samples which have been properly run-in 
with a tachometer current drain of at least 
1 mA. The motor-tachometer under test is 
connected into a test arrangement as shown 
in Fig. 2.12.2. 


The motor is driven from a regulated power 
supply, and the speed is adjusted so that 
the tachometer DC output voltage is 0.5 V 
+ 50 mV, as measured on the oscilloscope. 
This is a typical voltage for capstan motors; 
other applications may require different 
values. 


Adjust the oscilloscope time base to 20 or 
50 ms/cm and observe tachometer-generator 
output voltage with the oscilloscope ampli- 
fier switched to “DC”. The vertical gain 
should be set to 0.1 V/cm. Estimate and 
record the AC component of generator out- 
put voltage plus output ‘‘noise”’. 


Switch the oscilloscope amplifier to “AC” 
and adjust gain to suitable level (5, 10, 20 
or 50 mV/cm). Adjust the waveform to the 
center of screen. Fig. 2.12.3 shows a typical 
pattern. Examine and record: | 


a) Amplitude (peak-to-peak) of cyclic 
AC component (an RC filter, typically 
1yF and 10 kQ2, will remove all high 
frequency components); 
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b) Amplitude (peak-to-peak) of hf noise 
or “‘hash”; 


c) Amplitude (peak-to-peak) of commu- 
tator ripple; 


d) Total (peak-to-peak) AC component 
expressed as a percentage of DC out- 
put voltage, to obtain peak-to-peak 
percentage ripple. 


Percentage (peak-to-peak) ripple can be cal- 
culated as follows: 


(v, = 100 —* 
p—p Vav 


[%: V/em, cm, V] 


(2.12.3) 


where 
A _ is oscilloscope amplifier gain 


X  isamplitude (peak-to-peak) of ripple 
(see Fig. 2.12.3) observed on the 
scope screen 


Vay is tachometer DC average output 
voltage 


TEMPERATURE COEFFICIENT 


Temperature coefficient relates a change in 
generator output voltage with temperature. 
It is expressed as a percent change of out- 
put voltage per OC. 


In testing for the temperature coefficient, 
the generated output voltage at a predeter- 
mined speed is recorded. The generator 


Fig. 2.12.3. Typical ripple pattern. 
LINEARITY 


is placed in a temperature chamber, allowed 
to reach thermal stability, then driven at 
the same speed while voltage is recorded. 
This can be done for any number of tem- 
peratures. Temperature coefficient is cal- 
culated by: 


V, is output voltage at temperature ©, 


Va, is output voltage at ambient tem- 
perature O, 


©, is adjusted chamber temperature 
©, is ambient temperature 
DIELECTRIC TEST 


This is an electrical check to see whether 
there will be a breakdown of dielectric 
materials when subjected to high voltage. 
The test simply calls for application of 
a specified high voltage between generator 
winding and housing while monitoring leak- 
age current. If specified leakage is not 
exceeded, the unit passes successfully. 


The purpose of a tachometer is to generate 
a voltage proportional to speed. The 
linearity of a tachometer is defined as the 
maximum deviation of generated voltage vs. 
speed characteristic from the straight line, 
as described in section 2.11. 


The generator is attached in a test fixture 
as illustrated in Fig. 2.12.4, and is driven 
at several different speeds while speed and 
output voltage is recorded on achart similar 


to that in Tab. 2.12.1. 


MEASURED] CALCULATED] DIFFERENCE | DEVIATION 
OUTPUT | THEORETICAL [AV | 
VOLTAGE OUTPUT 

[Vv] 


a [V] VOLTAGE [V] 
1000 | 3.05 | 3.0273 | 0.0227 
2000 | 6.20 | 6.0546 | 0.1454 


3000 9.0819 0.0919 0.0100 
4000 | 12.02 12.1092 0.0892 0.0073 
| 5000 | 15.15 =| — 15.1365 0.0135 0.00089 


Tab. 2.12.1. Example of generator linearity test results. 


The true mean value of the tachometer 
voltage constant, K,, is obtained from data 
in Tab. 2.12.1 by dividing the sum of mea- 
sured output voltages by the sum of speeds: 


_ 45.41 


a 15 


= 3.0273 V/krpm 


This is used to calculate theoretical output 
voltage (speed in [krpm] times Kg), as 
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Drive motor 
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HH 
| 
} 
i 


Generator under test 


Fig. 2.12.4. Generator linearity test setup. 


recorded in column 3 of Tab. 2.12.1. Dif- 
ferences between calculated theoretical out- 
put voltages and measured output voltages 
are recorded in column 4. The deviations 
from linearity are calculated by: 


AV 


A = 100 7 


[%] (2.12.5) 


theor 


STABILITY 


Output voltage variations can occur in short 
term and/or long term periods. Short term 
variations may be of a random nature. 
Long term voltage drift may take place over 
a period of hours or days. Both changes are 
recorded as percentage voltage variations at 
a specified load. 


Test equipment used should have the fol- 
lowing capabilities: 


1. A recorder with stability at least 
four times better than the voltage 
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stability to be measured. Full-scale 
range of the recorder shall be 5 to 
10 times the expected voltage varia- 
tions. Recorder input current should 
be no more than 5% of the specified 
generator current. The recorder 
may have appropriate filtering to 
prevent voltage ripple from record- 


ing. 


.A precision DC power supply with 


voltage stability at least four times 
better than the voltage stability to 
be measured. 


. Precision decade resistors, voltage 


dividers, and potentiometers as may 
be required to adjust the recorder 
sensitivity, zero the recorder, and 
match the power supply voltage to 
the generator voltage. 


. A room or enclosure with tempera- 


ture control to maintain ambient 
temperature within + 5 °C. 


Generator under 


Coupling 


BU 


Test fixture 


Fig. 2.12.5. Generator stability test setup. 


The generator shall be loaded with a non- 
inductive load which will remain unchanged 
throughout the test. Voltage dividing net- 
works are used to adjust the recorder sensi- 
tivity, and to match the generator and 
stabilized power supply voltages, as in Fig. 
2:12:59; 


After thermal equilibrium of the generator 
is attained, the stabilized DC power supply 
is adjusted so that the recorder is at a mid- 
scale position. 


_ The recorder can be operated at intervals, 
or for any continuous period of time de- 
sired. Short term operation is approxi- 
mately five hours. Long term drift usually 
is read at one-hour intervals for eight hours, 
then at eight-hour intervals for seventy-two 
hours. 


} 
! 


f 
1 
\, 
i 


Power supply 
(Bias) 


Current limiting 
resistor 


Ten turn 
Ea st Dotentiometer 
A Load 


Resistance 
decade 


Strip chart 
recorder 


The largest peak-to-peak drift amplitude in 
any one-hour period expressed as a percent- 
age of average DC voltage during this hour 
is the voltage stability figure for short term 
variations. Refer to Fig. 2.12.6. 


Zero reference 


: Pe aeee) cane 


2% calibration ¢— 


reference 


Fig. 2.12.6. Strip chart recorder results for short 
term generator stability testing. 
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For long term drift, the percentage voltage 
change per hour is calculated for each time 
interval between voltage readings. Long 
term voltage stability is the largest of these 
percentages. | 


INCOMING INSPECTION 


The following list of electrical and mechan- 
ical tests can be employed as guidelines for 
incoming inspection: 


GENERATOR INSPECTION 


1. Visual Inspection 


A. LEADWIRES 
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NICKED, CUT OR CRACKED INSULATION 
TO EXPOSE BARE WIRE 


PROPER COLOR IDENTIFICATION 
PROPER STRIPPING OF LEADWIRE ENDS 


IF TERMINALS OR CONNECTORS ARE 
USED, CHECK THAT THE RIGHT ONE IS 
BEING USED AND THAT IT IS ATTACHED 
PROPERLY. 


. OUTPUT SHAFT(S) 


RUST OR FOREIGN SCALE 


NICKS OR UPSETS, WHICH MAY CAUSE 
AN OVER-SIZE CONDITION 


. BALL BEARINGS 


CHECK FOR DAMAGED SHIELDS 


PROPER INSTALLATION OF RETAINING 


RINGS 


. PLLOT AND LOCATING SURFACES 


NICKS, BURRS, OR UPSETS WHICH MAY 
CAUSE IMPROPER MATING OR ALIGNMENT 


. BRUSH HOLDERS 


CHECK FOR LOOSE OR CRACKED BRUSH 
HOLDERS 


LOOSE OR CRACKED BRUSH HOLDER 
CAPS 


. NAMEPLATES 


PROPER LABELING AND IDENTIFICATION 


2. Electrical and Mechanical Checks 


_ END PLAY 
_ RADIAL PLAY 

_ RUNOUT 

_ OUTPUT IMPEDANCE 

_ FRICTION TORQUE 

_ VOLTAGE GRADIENT 
_ VOLTAGE POLARITY 
_ GENERATOR RIPPLE 


Problem 


High Generator 
Ripple 


No Output 
Voltage 


Intermittent 
Output 


Low Output 
Voltage 


GENERATOR TROUBLESHOOTING CHART 


Problem Causes 


. Open or shorted winding 


. Improper filter 


. Improper test speed 


. Speed variations in drive 


motor 


. Brush bounce 


. Excessive axial or radial 


armature movement 


. Brushes out of electrical 


neutral zone 


. Faulty connection 


. Open wires 


. Hung brushes 


. Coupling between drive 


motor and generator 


. Intermittent opens 
. Hung brushes 
. Worn brushes 


. Brush bounce 


. Incorrect resistive 


load value 


Ee W ND 


Corrective Action 


. An open or shorted winding will show a very high 


spike in the normal ripple pattern. Repair or replace 
armature. 


. If filter is used, check components for proper values. 


. Check armature for proper speed. Generator ripple 


is speed sensitive. Also, filters are generally 
selected according to commutating frequency which 
is a function of speed. 


. Check stability of drive motor. Any variations in 


speed will be reflected in the generator output. 


. If brush bounce occurs, it’s generally at high speeds. 


Check for rough or non-concentric commutator, 
weak brush springs, or worn brushes. 


. Check coupling between drive motor and generator 


for misalignment. 


. Readjust generator for minimum ripple. See test 


procedure for ‘‘Generator Rippie’’. 


. Check connections from generator leadwires to 


metering device. 


. Check leadwires and brush flex wires for breaks. 


. The brushes should slide freely inside the holder, 


otherwise should be replaced. 


. Be sure generator is rotating, check for slippage in 


coupling. 


. Check leadwires and brush flex wires for breaks. 
. Replace brush or brush holder. 
. Replace brushes. 


. Check for rough commutator and remachine if 


necessary. Check brush springs for proper tension. 


. Check resistive load for proper value. 
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Problem 


Reversed Polarity 


Shaft Will Not 
Turn 


Excessive 
Vibration 


Excessive 
Radial Play 


Excessive 
End Play 


Excessive 
Noise 
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1. 


1. 


Problem Causes 


. Magnets partially 


demagnetized 


. Brush out of neutral zone 


. Incorrect checking speed 


Generator lead wires 
to load reversed. 


. Magnets have reversed 


polarity. 


Generator bearings tight 
or seized 


. Dirt or foreign matter 


in air gap 


. Armature unbalanced 
. Worn bearings 


. Excessive radial play 


. Shaft loose in bearing |.D. 


. Worn bearings 


. Bearings loose in end 


cap bearing bore 


. Improper shimming 


. Armature unbalanced 


2. Worn bearings 


3. Excessive End Play 


Corrective Action 


. Remagnetize magnets. 


. Readjust generator for proper output voltage. 


See generator test procedure for ‘Voltage Gradient.” 


. Voltage output is proportional to speed. Be sure 


armature is rotating at the proper speed setting. 


. Reverse leadwires. 


. Rotate magnet and housing assembly to proper 


orientation or remagnetize. 


. Replace bearings. 


. Remove the obstruction. 


. Rebalance armature dynamically to proper level. 


. Replace bearings 


. See corrective action for “Excessive Radial Play”’ 


. Check fits, the |.D. of the bearing should be a 


light press fit. 


. Replace bearings. 


. The bearings should be free to slide in the bearing 


bore. However, the clearance should not be excessive. 
If excessive, replace end cap. 


. Add shims as needed. Recheck generator for 


proper end play. 


. An unbalanced armature can set up vibration that can 


easily be felt. The armature should be rebalanced 
dynamically. 


2. Replace bearings. 


3. Add shims to the generator to take up end play. Re- 


check friction level and end play as excessive preload 
will cause early bearing failure. 


Problem 


Excessive 
Bearing Wear 


High 
Friction Torque 


Excessive Brush 
Wear 


Problem Causes 


. Misalignment between 


generator and drive 
mechanism 


. Generator not firmly 


fastened to mounting 


. Dirt in air gap 


. Rough commutator 


. Dirty bearings 


. Insufficient or in- 


adequate lubrication 


. Excessive thrust load 


. Excessive vibration 


. Worn bearings 


. Worn or sticking 


brushes 


. Obstruction in air gap 


. Armature rubbing 


. Incorrect spring 


tension 


. Dirty or rough com- 


mutator 


. Incorrect brush seating 


(off center neutral) 


. Short circuit coils in 


armature. 


. Loose-fitting brushes 


Corrective Action 


. Correct mechanical condition of misalignment. 


. Correct mechanical condition of mounting. 


. Noise is irregular, intermittent and scratchy. Disman- 


tle and clean generator. 


. Remachine commutator. 


. Clean or replace bearings. If condition is bad, provide 


means for shielding generator from the dirt. 


. Review bearing mfg. recommendations for type and 


amount of lubricant to use. 


. Reduce the load or obtain a generator designed to 


handle the required thrust load. 


. Check coupling between drive motor and generator 


for misalignment. 


. Replace bearings. 


. Replace brushes. Check brush holder slots for 


obstructions. 


. Remove obstruction. 


. Note cause of rubbing, remove obstruction or replace 


with new armature. 


. Replace brush with proper spring material and 


tension. 


. Clean or remachine commutator. Insure a good 


micro-finish. 


. Check to see that generator is properly neutralized. 


See test procedure for ‘‘Voltage Gradient”. 


. Repair or replace armature. 


. Check brushes and brush holder slots for proper size. 


Replace as needed. 
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Problem Problem Causes Corrective Action 


6. Vibration | 6. The armature should be dynamically rebalanced. 
Vibration causes brush wear. 


7. Lack of moisture 7. Operating in a new vacuum condition causes rapid 
brush wear. Use a special treated or “high altitude”’ 
brush. oO 
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Fig. 2.8.4. Typical Electro-Craft MCM motor armatures. 


considerable flexibility in design since the 
manufacturer can offer a variety of wire 
sizes, turns per coil, and diameter and length 
options. 


A sample of the variety of armatures manu- 
factured by Electro-Craft is shown in Fig. 
2.8.4. Because of the cylindrical shape of 
the shell-type armature, the end turns do 
not burden the armature by inequitable 
contributions of inertia. 


Consequently, the shell-type armature has 
the highest torque-to-moment of inertia 
ratio, providing acceleration capabilities of 
up to 1000000 rad/s*. Fig. 2.8.5 shows 
the complete Electro-Craft MCM motor, 
capstan, optical encoder and vacuum mani- 
fold for an incremental tape transport op- 
erating at speed of 200 in/s, capable of 
250 start-stop cycles per second. 
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Electro-Craft moving coil motors are used 
in incremental tape transports, line printers, 
optical character readers, incremental mo- 
tion drives, phase-locked servos, computer 
printers, machine tool drives and video re- 
corders. 


Fig. 2.8.5. Entire motor, capstan, optical encoder 
and vacuum manifold for tape transport. 


Chapter 3 


Unidirectional Speed Controls 


3.1. BASIC CONTROL METHODS 


SPEED CONTROLLERS — 
AN INTRODUCTION 


In this chapter we will discuss various speed 
control methods for DC motors in some 
detail. But first let us briefly review the 
various methods and their control range. 


Rheostat controls for DC motors, the 
earliest and simplest of the control methods, 
have an effective controlled speed range of 
about 4:1 with poor regulation of motor 
speed against changes in load torque and 
line voltage. This control method is very 
inefficient because of the power dissipated 
in the rheostat. 


The variable transformer, or “Variac”’, with 
rectifiers, can run DC motors over a wider 
speed range (up to 10:1) at an improved 
regulation compared to the rheostat con- 
trol. It is also more efficient than the 
former. 


SCR (thyristor) controls with ha/f wave 
operation have characteristics similar to the 
variable transformer control. However, 
SCR systems with fu// wave rectification 
can achieve a 20:1 speed range when used 
with “IR’’ compensation techniques (a 
pseudo-closed loop current sensing tech- 
nique). Using such speed compensation 
methods, full wave SCR controls can achieve 


quoted regulation figures such as 3% from 
zero to full torque load. This regulation 
figure is understood to mean that the motor 
speed will not deviate from the set speed 
more than 3% of the rated speed at any 
speed setting. To illustrate this, say that a 
motor has a rated speed of 1800 rpm, and 
the control has a regulation of 3% of full 
speed; this means that the motor speed 
may vary 54 rpm due to load variations. 
Now, assume the motor is running at 180 
rpm, at no load. When given rated load 
torque, the motor speed may decline to 
180 — 54 = 126 rpm — aregulation, based 
on set speed, of 30%! 


The foregoing examples of speed controls 
were based on “‘open loop”’ features, mean- 
ing that there is no velocity feedback ele- 
ment in the control loop which tells the 
controller what the motor speed is, so that 
the controller can make appropriate adjust- 
ments to keep the speed essentially constant. 


True closed-loop feedback control is possible 
with SCR circuits, using a tachometer for 
feedback; with such devices a full wave or 
three-phase SCR control may achieve speed 
ranges of up to 100:1. Due to the pulsating 
nature of SCR control techniques, the speed 
stability of motors below 1 hp may not 
always be good in the lower speed range, 
due to the low moment of inertia of the 
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motor, and due to the load. However, in in- 
tegral horsepower machines excellent speed 
range can be achieved. 


Transistor controllers such as those supplied 
by Electro-Craft Corporation, on the other 
hand, can handle closed-loop speed control 
with a speed range of over 1000:1, and with 
regulation better than 1 or 2%, based on set 
speed. For example, if an 1800 rom, 1% 
regulation rated speed control system is set 
at 180 rpm and the load torque changes 
from zero to rated value, the speed will not 
change more than 1.8 rom. The transistor 
controls have their best operational advan- 
tage for motor sizes up to 1 hp, and will 
presently handle high-performance servo- 
motors up to 5 hp. For the smaller motor 
sizes a continuous control method is used, 
but for motors above 1/3 to 1/2 hp a pulse- 
width modulation technique is the most 
efficient control method. 


In the following discussions we will more 
fully examine the various aspects of speed 
controllers, old and new. 


OPEN LOOP CONTROLS — 
THE TRADITIONAL APPROACH 


speed controls for DC motors have a long 
history. Perhaps the oldest and most widely 
used control for small DC motors is the 
series resistor soeed control for series motors 
pictured in Fig. 3.1.1. The variable resistor 
is inserted in series with both the armature 
and field circuit, yielding performance as 
shown in the accompanying speed-torque 
diagram. This control has good starting 
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Speed 


es torque 


Armature 


Fig. 3.1.1. Electrical diagram and speed-torque 
curves for series motor resistor speed control. 


characteristics (large torque available at low 
speed), but has a runaway speed tendency 
at small load torque conditions, making the 
control useful only for control applications 
with somewhat fixed friction conditions, 
such as sewing machine motors, food mixers, 
and the like. It is also evident that the 
speed regulation characteristics of the motor 
decline with decreasing speed, making it 


difficult for the operator to achieve good 
overall speed control. 


A totally different characteristic is obtained 
in the shunt motor variable resistor speed 
control circuit shown in Fig. 3.1.2. Here, a 
series resistor is inserted in the armature 
circuit, and the field winding is excited with 
a constant voltage (a permanent magnet 
field can also be used). The resulting speed- 
torque characteristics show the regular shunt 
motor regulation for resistor setting #1 (no 
resistance in the circuit). With increasing 
insertion of resistance in the armature cir- 


Speed 


Torque 


DC 
Sabi Field Armoture(_) 
PPly winding 


Fig. 3.1.2. Electrical diagram and speed-torque 
curve for shunt motor resistor speed control. 


cuit, speed regulation degenerates. This type 
of control will work well for constant load 
torque, rather than for a widely varying 
torque situation. 


Speed 


Torque 


Variable transformer 


Fig. 3.1.3. Shunt motor with variable transformer 
to control armature voltage. 


Fig. 3.1.3 shows a control utilizing a vari- 
able transformer controlling the armature 
voltage of a shunt motor with constant 
field excitation. The resulting speed-torque 
characteristics are much. improved over vari- 
able resistor control characteristics, with a 
more uniform speed regulation over a wider 
speed range. 


In Fig. 3.1.4 we see a shunt motor con- 
nected to a variable field resistor control. 
The action of this control circuit is unique 
in that the motor speed is variable on/y 
above the speed it would have without the 
field resistor control. This has an unde- 
sirable effect in that the torque constant of 
the motor will decrease with increasing 
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Speed 


Fig. 3.1.4. Shunt motor with variable field resistor 
control. 


resistance insertion (field weakening), the 
net effect is that the armature current for a 
given torque will increase with higher speed. 
The motor can easily be overloaded, and 
this control circuit is used only in unique 
cases where load conditions are both pre- 
dictable and well controlled. 


In some sophisticated open-loop control 
methods, such as the motor-generator arma- 
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Fig. 3.1.5. An open-loop control utilizing an 

armature control method. 
ture control method shown in Fig. 3.1.5, 
a constant speed motor drives a generator 
with an adjustable control field voltage. 
The generator will produce an adjustable 
voltage which is delivered to the armature © 
of the motor, and the resulting torque-speed 
characteristics are improved over the ones 
shown in Fig. 3.1.2, since in this case the 
regulation is essentially independent of the 
speed setting. 


This results in superior motor speed control 
performance over any of the previously 
shown methods. However, due to the cost 
of the motor-generator set and associated 
field control, this method has not been 
practical for the small motor speed control 


applications most commonly used in home 
and industry. Therefore, the motor-genera- 
tor control method has been mainly con- 
fined to industrial uses of large motor speed 
controls sets of 1 hp and above. Because 
of the power amplifying characteristics of 
the motor-generator set, this was the easiest 
entry into the closed-loop control systems 
when power vacuum tubes and magnetic 
amplifiers became available for control pur- 
poses. 


The control methods shown above are by 
no means all that have been developed and 
used; rather they exemplify the kind of 
problems encountered in the open-loop, 
manually operated systems of the past. We 
can see that in each case there was some 
undesirable side effect that limited its use to 
certain applications. 


CLOSED-LOOP CONTROLS 


Although many of the “‘open-loop’’ con- 
trols are adequate for uses today, the trend 


Command 
Comparator 


Signal 
flow 


Feedback 


/ 
/ 


toward better speed regulation, such as in 
meeting servo systems requirements, have 
necessitated closed-loop control. 


In its elementary form, a closed-loop con- 
trol consists of an actuator (motor), a com- 
parator, an amplifier, and a sensor (genera- 
tor). Fig. 3.1.6 illustrates these elements 
and how the “closed-loop” expression is 
derived: the amplifier drives the motor, 
which is coupled to the generator; the gen- 
erator sends a signal to the comparator, 
which measures the feedback signal against 
the command signal; the comparator keeps 
the two signals in balance by giving the 
amplifier the proper command. Thus, the 
“loop’’ consists of the components which 
are shown in Fig. 3.1.6. Signal flow is indi- 
cated by the arrow. 


This example is just one of many feedback 
techniques. Usually, a modern, high-per- 
formance servo system has several separate 
feedback loops, such as voltage, current, 
velocity and position feedback. 


(m Actuator (Motor) 
ey 


/ 


c Sensor (Generator) 


Fig. 3.1.6. A closed-loop speed control system. 
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In the open loop controls described pre- 
viously, the human operator was the sensor 
or feedback element, so in a sense these sys- 
tems could also qualify under certain cir- 
cumstances as closed-loop controls; but 
human control is not an automatic opera- 
tion, and that is what closed-loop controls 
are all about. 


Wt CW Active controlier 


@ © 


Dynamic brake 
(Passive operation) 


> 
CCW Y CW 


CCW 


Fig. 3.1.7. Unidirectional or regulator type speed 
control system operates in the first quadrant. 


SPEED CONTROLS VS. SERVO SYSTEMS 


It is important to recognize the basic differ- 
ences between the two types of motor 
control systems because of their individual 
unique advantages, and since in one case 
(the regulator control) linear control theory 
applies only ina restricted sense. 


Fig. 3.1.7 shows four quadrants of shaft 
velocity versus torque plot. 


The regulator (speed control) system oper- 
ates only in the first quadrant of this dia- 
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gram. The system cannot produce a nega- 
tive torque; nor can it reverse direction 
without a reversing switch, adding operation 
in the third quadrant. This is generally 
done by manual control, which makes servo 
considerations invalid. With the addition 
of a dynamic brake, we can achieve limited 
negative torque in the second quadrant, 
but since this is a passive control area, we 
choose to ignore it for the moment and 
call the regulator speed control a single 
guadrant control. 


The bidirectional servo control system, on 
the other hand, can provide motor speed 
and torque in both negative and positive 
directions. Fig. 3.1.8 shows the areas with- 
in which servo control is possible, and 
explains why we call the bidirectional servo 
system a four quadrant control. 


Active operation possible 
inside shaded area 


Fig. 3.1.8. A servo system operates in four guad- 
rants. 


3.2. VELOCITY CONTROL — SINGLE 
QUADRANT CONTROLLER 


Velocity 4 


amplifier 


Fig. 3.2.1. Single quadrant controller. \ 


VOLTAGE AND CURRENT OFA 
SINGLE QUADRANT CONTROLLER 


A single quadrant controller is a control 
system which employs a_ unidirectional 
amplifier, as seen in Fig. 3.2.1. 


As such, it can deliver to the motor only 
positive (or only negative) voltage and cur- 
rent, and therefore, control velocity only in 
One direction with the system load torque 
as an opposing torque. In Fig. 3.1.7, where 
the motor velocity w corresponds to the 
vertical axis and the torque T to the hori- 
zontal axis, we find that the controllable 


velocity and torque range of a single quad- 


rant controller is in the first quadrant of 
the plane. 


The amplifier characteristic of the single 
quadrant controller will be described by: 


V=0 ife <Q 

V=Ace if0<e< = (3.2.1) 
max 

V=Vi ife> 


where A is the amplifier gain, or graphically 
as shown in Fig. 3.2.2. 


Current delivered from the amplifier to the 
motor can be only positive, therefore: 
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Fig. 3.2.2. Amplifier output voltage vs. error signal 
for a single quadrant controller. 


VE, 
Jag if V>E, 
(3.2.2) 
= 0 if V<E, 


where 
R___is the motor resistance 


E ' isinternally generated voltage (count- 
er emf) in the motor 


SYSTEM OPERATION 


The simplified dynamic equation of a motor 


Kr= Joe + T (3.2.3) 


When the motor is connected in the single 
quadrant controller system, the system will 
control the velocity and maintain it close to 
the desired value w, in the following way. 


Suppose that due to disturbances or change 
of the command signal the actual velocity a, 
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is larger than the desired one w;. In this 
case, the velocity error is negative: 


e= k (co; =e) <0 (3.2.4) 


This results in zero current and voltage 
as can be seen from (3.2.1) and (3.2.2): 
consequently, the velocity will be reduced 
as can be found from (3.2.3). When the 
current is zero, the rate of change of the 
velocity will be: 


a=—=-— (3.2.5) 


The deceleration rate equals the ratio be- 
tween the opposing load torque (usually 
friction) and the combined moments of 
inertia of the motor and the load. The 
deceleration will continue as long as the 
velocity w, is too high and the velocity 
error € is negative. 


On the other hand, if the motor velocity is 
too low, causing an error € which is larger 


than _ , this results in the output volt- 


age V=V__.,, and current 


| =—_“ 4 (3.2.6) 


Consequently, the motor will accelerate at 
the rate 


dw 1 
ee 
V —E 
_ 4 max "g 


The acceleration at this rate will continue 
until the velocity error € becomes smaller 
than V,_,, /A and it moves to the linear 
region. 


This discussion shows that in case of large 
deviations from the desired velocity the 
system tends to correct the error. It re- 
mains to analyze system performance under 
steady-state conditions and small deviations 
that keep the amplifier output voltage with- 
in the linear range, i.e.O<V<V_U. 


Note that in the steady state the velocity is 
constant. Therefore, the steady-state cur- 
rent, as found from (3.2.3) is 


T 

| =— (3.2.8) 
T 

The required voltage V and the velocity 

error € can be found from (3.2.1), (3.2.2) 

and (3.2.8) as follows: 


TR 
Va E+ IR = Ey te (3.2.9) 
and 
Ve, BES 
©" A A\S Ky (3.2.10) 


Thus, the steady-state velocity error is 
positive, which indicates that the motor 
velocity is lower than the set velocity. This 
result is identical to that obtained in any 
velocity control system. 


When the performance of the system around 
the steady-state point is analyzed, it is found 


that the system is identical to that of 
velocity control. Thus, the system will be 
overdamped when the gain is low, and will 
tend to overshoot when the amplifier 
gain, A, is increased. And, considering the 
lag in the amplifier, the system can become 
unstable if the gain is increased beyond a 
certain limit. 


To illustrate these results, suppose that the 
motor is running at a given velocity w, and 
the command is increased to w. for some 
time t, , then decreased again to w4. The ~ 
corresponding motor velocity profile is 
shown in Fig. 3.2.3. 


It can be seen that when the command 
is increased, the motor will accelerate at the 
rate 


| 1 


The deceleration rate in t > ty Is 


Ty 
ea (3.2.5) 
When the deceleration rate is too small, 
due to small friction or large moment of 
inertia, it is possible to increase the decelera- 
tion rate by the use of dynamic braking. 


DYNAMIC BRAKING 


The amplifier used in the single quadrant 
controller system has the feature that its 
output impedance is low as longasV >E 

and the current I, is positive. When this is 
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Fig. 3.2.3. Example of a stepwise changed command and motor velocity profile. 


changed, output impedance becomes very 
large, and does not allow negative current. 
This can be modified by introducing a cir- 
cuit which senses current I,. As long as the 
current is positive, the circuit is inactive; 
but if I, becomes zero, the circuit shorts 
the motor terminals, allowing a negative 
current to circulate in the armature, thus 
stopping the motor. This method is called 
dynamic braking. 


The voltage equation (3.2.1) for this case 
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is not changed, but the current equation 
(3.2.2) and the motor dynamic equation- 
(3.2.5) will change. 


The current equation becomes 


|. =——i if V>E, 


(3.2.11) 


If the velocity error e€ is positive and large, 
the amplifier output voltage is V = Vy 
the current is given by (3.2.6) and the 
acceleration by (3.2.7), so that there is no 
change in system function. 


However, if the velocity error € becomes 
negative, which indicates that the motor 
runs too fast, the amplifier output voltage 
becomes V = QO and the current !s negative: 


7 ee (3.2.12) 
This results in the deceleration of: 
dw 1 E. 
ee tees ee 3.2.13) 
a ait 7 (: K; + “) 
This is a larger rate than the one given by 


(3.2.5) and, hence, enables the system to 
respond faster. O 
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3.3. AMPLIFIERS 


Transistor amplifiers used in speed control 
systems fall into two broad categories; 
linear amplifiers (also called class A ampli- 
fiers) and switching amplifiers. Linear 
amplifiers are almost exclusively transistor 
devices, whereas the switching amplifier 
can be designed using either transistors or 
SCR’s (silicon controlled rectifiers, also 
known as thyristors). 


THE LINEAR AMPLIFIER 


The linear amplifier is very desirable from a 
control analysis standpoint, since it has 
linear control characteristics and no signifi- 
cant control lag within the operating band- 
width. It is easily compensated, and is 
capable of providing speed control over a 
wide range. It is the least troublesome in 
terms of transient problems in adjacent cir- 
cults. 


The simplest closed-loop control system is 
typified by the single transistor amplifier 
(Fig. 3.3.1). It has been used widely in con- 
trol applications where the loads are essen- 
tially constant and a limited speed range 
was acceptable in view of the extreme 
simplicity and consequent low cost. The 
circuit consists simply of a 5W poten- 
tiometer and a power transistor, mounted 
on a heat sink. 


Circuit operation can be explained in the 
following way: the potentiometer is set at 
a point such that a voltage V, appears be- 
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‘Fig. 3.3.1. A typical single-transistor speed con- 
trol system. 


tween the wiper and the negative terminal 
(ground) of the circuit. This voltage V, will 
cause a current |, to flow through the base 
(B) and the emitter (E) of the transistor. 
The base current causes the transistor to 
conduct, and a current ln Wil flow from 
the positive terminal through the motor 
winding (M) to the collector (C) and emitter 
(E) of the transistor to the negative ter- 
minal. The motor current I, will cause 
the motor to rotate and, if the tachometer 
is properly connected with respect to its 
polarity, an opposite voltage V. will appear 
at the tachometer terminals. Since any 
transistor in conduction has a given asso- 
ciated base-to-emitter voltage for each con- 
duction level, a voltage V4 will appear 
across the transistor with the polarity shown 
in the figure. 


Equilibrium (speed control) will appear 
when the voltage V. reaches its steady- 
state value. The motor cannot run faster 
than the speed at which it produces Vo, 
since if it did, Ih would cease flowing, thus 


making the transistor non-conductive, hence 
slowing the motor down to the ‘‘equili- 
brium”’ speed. Conversely, if a load change 
would cause the motor to tend to slow 
down, the voltage V5 would be smaller, 
allowing an increase in I}. This would tend 
to make the transistor to increase its con- 
ductivity, thus allowing an increase in a 
which in turn would overcome the increased 
load. We can see that this circuit has a 
self-regulating quality, and therefore qual- 
ifies as a closed-loop regulator system. 
This explanation is somewhat simplified, 
but it brings out the general principles in- 
volved. 


The single transistor amplifier has the basic 
limitation of low gain. In other words, it 
requires a significant error (Al,) to correct 
a speed disturbance. Providing more gain 
is a simple task, however, and Fig. 3.3.2 
shows a four-transistor amplifier, employing 
a two-stage voltage amplifier and a dual 
emitter-follower current amplifier. 


Fig. 3.3.3. Speed control system utilizing an inte- 
grated circuit. 


Error signals on the order of a few milli- 
volts are able to control the amplifier from 
“full off’ to ‘full on’’ conditions, which 
makes the closed loop control more sensitive 
to disturbances. This yields a more precise 
speed control system. The availability of 
integrated circuits (IC) has simplified cir- 
cuit design; in Fig. 3.3.3 the voltage ampli- 
fier of Fig. 3.3.2 was replaced by a single 
IC. This technology can be expanded to 
include the power stages (hybrid amplifiers). 


Current gain 


Fig. 3.3.2. Elementary multi-transistor amplifier. 
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If the amplifier offers high gain, then one 
would expect an almost error-free speed 
control. 


In reviewing the possible sources of errors, 
we find that the command stage (in speed 
controls usually the speed setting potenti- 
ometer) must be stabilized so that the refer- 
ence voltage does not vary with changes in 
load current, line voltage and ambient 
temperature. This is done either by the use 
of Zener diodes, or by recently available 
IC regulators. A simple example of a 
regulated reference supply employing the 
Zener diode is shown in Fig. 3.3.4. 


The Zener diode stabilizes the voltage across 
the potentiometer R., against changes in 
supply voltage. This circuit is sufficient for 
many applications, but for a higher degree 
of reference voltage stability a two-stage 


O Unregulated voltage 


Reference 
voltage 


Fig. 3.3.4. Example of regulated reference voltage 
supply. 
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Zener regulator is used. Sometimes series 
stacks of Zener diodes with low tempera- 
ture coefficients are employed to minimize 
effects of changing ambient temperature. 


A high-performance transistor speed con- 
trol system will basically consist of a regu- 
lated reference supply, an error comparator 
stage, a voltage amplifier, and a power 
amplifier. 


An example of the steady-state operating 
conditions of such a system will demon- 
strate the performance advantage of a high 
gain system compared with the earlier men- 
tioned single-transistor control. 


The system has the following parameters: 
Motor: 
Ky, = 8 oz-in/A 
= 5.65 x 1072 Nm/A 


Ke = 5.916 V/krpm 


R = 20 
Generator: 

Kegm 5.916 V/krpm 
Load: 

T = T, +T, = 6 oz-in 

= 4.237 x 10-2 Nm 

n = 2000 rpm 

Amplifier: 


DC gain A= 1000 V/V 


Vref 


\" power 


Mechanical 
load 
& ()) 


R 


Fig. 3.3.5. Example of steady-state operating conditions of a high performance speed control system. 


Fig. 3.3.5 shows the system connection and 
the input and output signal polarities. 


Following the input signal path: 
e = Ril, (3.3.1) 


—-V,+V,+e=0 (3.3.2) 


In a properly operating closed-loop speed 
control system the input error 


e <V, (3.3.3) 
meaning that the generator voltage Vg IS 
always nearly equal to the command volt- 
age V... 

The steady-state equation of motor is: 


V= RI,+K_n (3.3.4) 


Since 


we have: 


V=2x0.75+5.916 x 2 


= 13.332 V 
and since 
V=Ae (3.3.5) 


the required input error signal to produce 
this voltage Is: 


Assume that the load torque is now changed 
from 6 to 10 oz-in. We now have new 
equilibrium conditions and the following 
changes occur. 


First, combine (3.3.4) and (3.3.5) we ob- 
tain: 


Ac = RI, + Ken (3.3.6) 
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The armature current 1, must change from 


10 oz-in 
0.75 A to I, Bonin: 1.25 A 


The armature voltage drop is now RI, = 
2.5 V, which is 1.0 V higher than at the 
6 oz-in load condition. This must be made 
up for by the amplifier,thus by a change in 
error signal of 


au else 1mV 


De =~ = 1000 


To accommodate the load change, the error 
signal had to change from 13.3 to 14.3 mV. 
From (3.3.2) we have: 


e=V, —Vg=V_—K_n (3.3.7) 


V. = e€+Ken (3.3.8) 


Cc 


Thus in the first case (6 0z-in load torque) 
V, = 13.3x 10-3 +5.916x2= 11.8453 V 


Since V, was constant during the event, we 
can find the change in the motor speed n 
after the load torque became 10 oz-in from 
(3.3.7): 


Vo—€ _ 11,8453—14.3x 1079 
Ke 5.916 


n= x 10° 


[Ie 


1999.8 rpm 


An = 0.2 rpm 


The resulting change in speed is so small 
(approx. 0.01%) that it is not worth pur- 
suing ‘the exact number of the final speed. 
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In actual practice, the effects from such 
sources as amplifier input summing errors, 
generator ripple voltage changes, and tem- 
perature coefficients of the generator volt- 
age gradient may cause larger errors than 
this example shows. 


A linear amplifier can minimize errors in 
velocity in inverse proportion to its gain due 
to external sources such as load changes, 
temperature changes of K;, R,,, R, but it 
cannot correct feedback errors due to 
changes in generator voltage constant Keg 
amplifier input drift errors and reference 
voltage errors. The three last mentioned 
error sources can, of course, be minimized 
to a point where they are not significant to 
the user. 


One may also want to increase amplifier 
gain to lessen the effects of the errors 
correctable by the feedback loop, but for 
each system there is a point where an in- 
crease in gain will cause instability due to 
the mechanical or electrical characteristics 
of the feedback loop. 


Any speed control system has performance 
characteristics which are results of a balance 
between speed range, gain-bandwidth pro- 
duct, long and short-term stability and 
selling price. The Motomatic® speed con- 
trols by Electro-Craft are used worldwide, 
and have a reputation for great versatility in 
a variety of applications. Fig. 3.3.6 shows a 
typical ECC master control and motor, 
model E-650. 


One general limitation of the linear transis- 
tor amplifier is that the output stage must 


Fig. 3.3.6. Electro-Craft E-650 master control and 
motor-generator. 


dissipate heat energy not absorbed by the 
motor. Thus, the worst amplifier power 
dissipation condition occurs when the mo- 
tor is run at very low speed at maximum 
torque. The output stage will then have to 
absorb the power proportional to the pro- 
duct of the full armature current and almost 
all available DC voltage. Thus, ample pro- 
visions for heat dissipation must be made. 
Fig. 3.3.7 shows a typical open chassis 


Fig. 3.3.7. Open chassis amplifier configuration. 


amplifier configuration, capable of dissi- 
pating 160 W at 40 °C environment tempera- 
ture. 


The speed control systems described above 
are generally augmented by accessories 
which improve operation in a variety of 
applications. 


TORQUE LIMITING 


To prevent inadvertent overloading of the 
system, Electro-Craft supplies a current 
sensor which turns off the amplifier at 
adjustable current levels. Since torque is 
proportional to current in a permanent 
magnet DC motor, the current limiter be- 
comes in effect a torque limiter. The 
torque-speed characteristics will then ex- 
hibit two distinct regions: the speed con- 
trol region and the torque control region. 
Fig. 3.3.8 illustrates typical characteristics 
of the adjustable speed control system with 
current limiting. The system assumes an 
almost constant torque mode when the 


fo control region 


Shaft speed 


Torque 


— limit region 


Fig. 3.3.8. Speed torque curves of a high gain 
speed control system with torque limiting. 
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preset current limit has been exceeded. As 
soon as the overload is removed, the system 
will resume its preset speed. 


In some cases, it is important to provide 
an acceleration torque which is many times 
higher than the torque limit necessary to 
protect the system from overload. This 
requirement is met by providing a time de- 
lay in function of the torque limiter. The 
time delay is usually of the order of 150 ms 
for iron-core armature motors, and some- 
what less for low inertia motors. This 
provides ample time for rapid acceleration 
with virtually unrestricted current, and a 
subsequent introduction of current limit 
after acceleration has been completed. 


Some users have found that the current 
limit works to advantage when very high 
inertia loads are to be accelerated. The 
current limit circuit in such a case permits 
controlled acceleration to the required speed 
without damage to the control circuit or 
motor. 


DYNAMIC BRAKING DEVICES 


When the speed setting in a basic speed 
control circuit is rapidly reduced, the mo- 
tor coasts to the lower speed setting. During 
this time the motor is basically ‘‘out of 
control” until the circuit is again in equi- 
librium. 


The dynamic braking circuit shown in Fig. 
3.3.9 minimizes this effect by providing a 
controlled ‘“‘short circuit’’ around the mo- 
tor whenever the control system is not 
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circuit 


Fig. 3.3.9. Dynamic braking circuit. 


providing a current through the motor — 
a condition which is prevalent during a 
“coasting’”’ situation. 


The dynamic braking depends on the arma- 
ture counter emf to provide the needed 
braking current; the braking torque is the 
greatest at high speeds and less effective at 
lower speeds. For example, the dynamic 
braking brings an Electro-Craft E-650 con- 
trol system to a stop in about 400 ms. 


REVERSIBLE SPEED CONTROLS 


Fig. 3.3.10 illustrates a switch arrangement 
which gives a single polarity speed control 
reversible features. 


This reversing switch arrangement provides 
for a middle position (B) which gives a 
controlled dynamic braking condition, mini- 
mizing the possibility of quickly switching 
a reverse voltage to the motor still coasting 
in previous direction, which can cause tran- 
sistor breakdown. The reversing circuit 


Fig. 3.3.10. Reversing switch arrangement. 


shown is used on all Electro-Craft Motoma- 
tic standard and master controls. 


V 
B 
O-—o 
4. 


The reversing circuit can be operated by 
relays instead of by a manually operated 
switch, giving the speed control system a 
bidirectional characteristic for remote con- 
trol manual operations. It is not practical, 
in most cases, to attempt to make a closed- 
loop position or velocity servo by this 
method, however. A servo system is usually 
subject to endless reversals around the null 
point, and relay contacts would rapidly 
wear. Furthermore, such a system would 
be subject to time delays and nonlinearities 
due to relay switching action. 


CONTROLLED ACCELERATION- 
DECELERATION SYSTEM 


While torque limit circuits to some extent 
can control the acceleration and decelera- 
tion characteristics of a speed control sys- 


Fig. 3.3.11. Simple ramp command circuit. 
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tem, it is clear that they are sensitive to 
variations in both load and friction torque. 


In cases where it is desirable to have the 
acceleration and/or deceleration under ve- 
locity control, several methods can achieve 
the desired results. | 


The simple RC circuit of Fig. 3.3.11 can be 
employed to control acceleration. First, 
assume that the switch is initially in the A 
position so that the command voltage V,, 
is zero. The speed control ts, therefore, 
holding the motor at rest. With the switch 
set in the B position, capacitor C is charged 
through voltage divider R,, Ry. The volt- 
age V, will follow an exponential rise 
(Fig. 3.3.12) until the Zener voltage V, 
is achieved, at which point the reference 
voltage V, (as also the command voltage 
V,.) is stabilized. 


As the switch is returned to A, the voltage 
will decline in an inverse exponential fash- 
ion. 


It should be noted that while the speed 
control system will follow the acceleration 


Fig. 3.3.12. Turn-on and turn-off characteristics 
of the RC circuit in Fig. 3.3.11. 
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curve (if acceleration rate is within the tor- 
que capacity of the system), it may not 
follow the deceleration curve unless the 
load conditions and the dynamic braking 
capacity allow. If this is not the case, then 
a bidirectional system (servo system) must 
be used where continuous velocity tracking 
is necessary. 


Another circuit with linear features is shown 
in Fig. 3.3.13. This is a ramp generator 
which produces linear, independently ad- 
justable slopes. 


The circuits discussed above have been 
shown as manually operated devices. In 
many applications, they can be operated 
by various logic circuits, thereby taking 
their place in modern process controls. 


SWITCHING AMPLIFIERS 


While the linear amplifier discussed above 
performs excellently in high-performance 
speed controls, it has the problem of heat 
generation in the output stage, requiring 
forced-air cooling in amplifiers over 100 to 
200 W (depending on ambient temperature 
and heat sink design). The switching am- 
plifiers overcome this problem by letting 
its Output stage rapidly switch from a non- 
conductive state to a fully conductive state, 
thereby minimizing operation of the output 
stage in the high dissipation region. 


Three basic methods are used to control 
power in switching amplifiers: pu/se-width 
modulation (PWM), pulse-frequency modu- 
lation (PFM), and silicon controlled rectifier 


Negative Vo 
slope 
s adjust 
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Fig. 3.3.13. Ramp generator with independently adjustable slopes. 
(SCR) contro/s. Their principal differences 
are shown in Fig. 3.3.14. 


The PWM system usually utilizes a DC sup- 


Oo— — —- oe iss ats ain ‘i ice 
7 a ply, and the amplifier switches the supply 

ae m2 voltage on and off at a fixed frequency and 

| at a variable ‘‘firing angle’’ a (see Fig. 


a, pulse-width modulated (PWM) system 3.3.14a) so that an adjustable average volt- 
age across the load is established. The 
amount of power transferred to the load 
(motor) will depend on switching rate and 


. L | li the load inductance. In many of the PWM 
* 7 circuits, the pulse frequency is allowed to 
ty _ shift over a given range — in some cases for 


a good purpose. 


The PFM system has a fixed firing angle and 
a variable repetition rate (Fig. 3.3.14b), 
—- _— ~—— cena achieving essentially the same results as the 
| a I PWM, but when used in motor control cir- 
me cuits, the widely variable pulse frequency 

ae t Z t required causes dissipation problems which 

c, SCR control system makes the PWM more attractive. Inciden- 
tally, a PWM circuit with a variable pulse 
rate is really a hybrid between the two. 


Fig. 3.3.14. Voltage waveforms in switching ampli- 
fiers. 
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The SCR circuit for DC control is usually 
used with a rectified AC supply voltage, 
although a rectification circuit can be placed 
before or after the control section of the 
amplifier. Fig. 3.3.14c shows a full-wave 
rectified supply voltage of a fixed frequency. 
The firing angle can be varied to cover a 
portion from 0 to 180 %el of a half-wave. 
The average output voltage is not propor- 
tional to the firing angle, and this part 
requires special attention in the control 
design. 


In the following discussion only PWM and 
SCR circuits will be covered, since the pure 
PFM isnot particularly suited to motor con- 
trol applications. 


PULSE-WIDTH MODULATED 

AMPLIFIERS 

As already mentioned, the PWM amplifier 
generally is powered by a DC supply. It 


Command , K 7 
ramets 


can be designed using either transistors or 
SCR‘s as switches. Actually, the SCR 
amplifier is a PWM in spirit; but the func- 
tional differences, the output voltage fre- 
quency and wave shapes are different 
enough to warrant a separate discussion. 


Then what about SCR’s powering a PWM? 
Since PWM's are based on a continuously 
available DC power source, and since SCR’s 
cannot “‘turn off’’ current conduction by 
themselves as transistors can, they must be 
provided with a separate “‘turn-off” circuit. 
The problem associated with such circuitry 
has limited the use of SCR’s in PWM sys- 
tems to high current, low switching rate 
applications, such as lift truck and vehicle 
traction controls. Due to the unique nature 


DC to pulse 
width converter 


Fig. 3.3.15. Elementary block diagram of a PWM speed control system. 
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of these controls, they are not discussed 
here. 


Today, then, transistor-operated PWM 
switching amplifiers are used in most high- 
performance, high power speed control sys- 
tems and servo sytems. 


A typical block diagram of a PWM speed 
control system is shown in Fig. 3.3.15. 


The pulse repetition rate is usually above 
1 kHz (often about 10 kHz), and this fre- 
quency is mainly dictated by the required 
system response bandwidth, motor induc- 
tance and motor high frequency loss charac- 
teristics. At times audio noise emissions 
through wiring, heat sinks and motor frame 
components can be loud enough to be 
disturbing, and in such applications one can 
raise the pulse frequency to a point where 
the noise is not audible. 


In examining voltage and current character- 
istics of a PWM system, we can first look at 
the ideal motor and its behavior in a PWM 
system. This motor equivalent circuit is 
shown in Fig. 3.3.16. 


u 


/\ 


diode 


Fig. 3.3.16. Equivalent circuit of a DC motor ina 
PWM control system. 


Current 


Free wheeling. 


Voltage 


Fig. 3.3.17. Current and voltage relationship in a 
PWM control system. 


The waveform of the motor current during 
the switching mode is dependent not only 
on the switching rate, but on the motor 
speed n, the total inductance L, motor 
resistance R and the current level in the 
last cycle. Fig. 3.3.17 shows a steady-state 
relationship of current and voltage. 


Since the supply voltage is being switched 
on and off at a high frequency, we should 
evaluate the power losses in the motor. The 
power losses in such a system may be due 
to a host of factors, depending on the de- 
sign of the motor: eddy current losses, 
hysteresis losses, armature commutation 
losses, viscous friction losses and armature 
resistance losses. But considering modern 
permanent magnet servomotors with small 
electrical time constants and minimal high 
frequency losses, a first approximation to 
evaluate motor power losses due to the 
armature resistance can be expressed by: 


P, = RI? (3.3.9) 


In order to relate RMS current to average 
current in such cases, an expression relating 
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the two has been established, called the 
form factor (k): 


M 2 
k = — (3.3.10) 


av 
The average motor current will determine 
the motor torque produced: 


T, = Ky | 


: (3.3.11) 


av 


Substituting (3.3.10) into (3.3.9), the motor 

losses under PWM conditions are: 

P, = RkZI2 (3.3.12) 
av 

and we see that the armature losses depend 

on average current, form factor, and arma- 

ture resistance. Another way of looking at 


the sources of the losses is to substitute 
(3.3.11) into (3.3.12). Then 


(3.3.13) 


P, = = ket 2 
Kt 


Here it is clear that losses are due to several 
factors; the motor constants R and Ky 
inherent in a given design, the form factor, 
and the output torque of the motor. Thus, 
the form factor has a strong influence on 


motor heating. In the case of a k = 1, the 


heating effect of a linear amplifier from 
the previous section is: 


= RI2 (3.3.14) 
av 


But for a form factor k = 2, we have an 
armature power loss of four times the 
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Fig. 3.3.18. Relationship of additional armature 
losses in a servomotor with form factor. 


amount shown above. Thus, we can con- 
struct a graphical solution of the increase 
in armature loss due to form factor. This is 
shown in Fig. 3.3.18. 


The form factor greatly influences armature 
losses, as for example a k = 1.2 will increase 
losses by 44%. 


Since servomotor performance in speed 
control systems is often limited mainly by 
power dissipation, it is important to in- 
vestigate the form factor of a given ampli- 
fier source. In the case of a PWM amplifier 
the form factor will depend on the pulse 
frequency, on the electrical time constant 
of the motor and on any associated series 
inductances. 


~The net result of using a PWM circuit is 


usually that the power dissipation in the 
amplifier is vastly decreased, and the total 


system dissipation is improved; but in some 
cases the motor power dissipation may be 
higher than if a linear (class A) amplifier 
is used. One should also check the applica- 
tion to see if the audio noise (if any) will 
be of consequence. This may be particular- 
ly irritating if the pulse frequency is shifting 
greatly with load variations. Another factor 
to consider in using a PWM system is the 
electrical noise generation, which can be 
transmitted into low level circuitry if care 
is not taken to properly shield and ground 
the high current portion of the system. 


SCR CONTROLS 


SCR speed control systems are nearly al- 
ways based on power line frequency (50-60 
Hz). This limits the control bandwidth of 
the system from 2-3 Hz for a half-wave, 
single-phase system to about 25-30 Hz for 
a three-phase, full-wave system. This trans- 
lates into a speed control range of 5:1 fora 
half-wave control to 20:1 for a full-wave 
control with tachometer feedback. 


_ Whilethe SCR control system is not capable 
of controlling as wide a speed range as is 
the linear transistor amplifier, it has a high 
power conversion efficiency due to its 
switching mode and the low forward con- 
duction voltage drop. The relative simplic- 
ity of its circuitry further adds to the 
positive features of the SCR control. The 
popularity of the SCR control for limited 
speed range DC motor control in the frac- 
tional and integral horsepower sizes has 
been largely due to these features, and to 
the fact that SCR’s can operate directly 


Irnus 


—— 


Tay 


Form factor k= 


from the power line without AC-to-DC 
power conversion. 


One serious problem of operating motors 
from SCR controls is the high form factor, 
which may cause serious derating of the 
motor. The form factor depends on the 
type of control used (half-wave, full-wave, 
three-phase), on the conduction angle and 
on motor inductance; therefore, it is diffi- 
cult to obtain form factor values without a 
detailed knowledge of the application. 


In the case of high-performance servomotors 
with low inductance, an appropriate deter- 
mination of the form factor can be made 
on the assumption that the load is resistive. 
The graph in Fig. 3.3.19 shows the form 
factor versus conduction angle for resistive 
loads. The power dissipation in a motor is 


Half wave 


-Full wave 


oO 30 60 90 \20 


Conduction angle 


Fig. 3.3.19. Form factor vs. conduction angle for 
resistive loads in SCR control circuits. 
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the highest at very low speeds and high 
torque conditions. 


The addition of an inductance in the motor 
circuit will minimize the RMS current, and 
therefore make the form factor smaller. 
However, this may have the effect of de- 
creasing system bandwidth which could 
affect the speed range or system stability. 


Another important problem in SCR speed 
control systems is the so-called transporta- 
tion lag in the system, caused by the dis- 
crete firing angle conduction. In attempting 
to control fractional horsepower motors 
over a wide speed range with SCR controls, 
the result is often momentary instability, 
especially at low speeds. In such situations, 
the system is operating at very small ‘‘firing 
angles’’ (Fig. 3.3.20) and if a sudden tor- 
que disturbance occurs, the resulting change 
in speed causes the error signal to switch 
on the output stage, sometimes at an “‘early” 
firing angle, as shown in the diagram. 


The result will then be a heavy surge of 


power for the remaining part of the half 
cycle (since the SCR cannot turn off until 
forward current goes to zero), even if the 
error signal in the meantime has returned 
to normal. The motor now has a large 
Overspeed error, and will coast down to 
the predetermined controlled speed again, 
in which case the former firing pattern will 
resume. This behavior will be observed. as 
a jerky, cogging action. 


The most obvious remedy for this type of 
system behavior is to make the system 
transient response slower, using /ag net- 
works to overcome the effects of instability. 
This tends to make the system more sluggish 
In its response to sudden changes in load 
and speed command changes. This is not 
usually important in some applications with 
steady loads or loads with large moments of 
inertia, but for wide range, high-perfor- 
mance controls it is not desirable. 


A properly compensated SCR control in a 
suitable application can be a fine speed con- 


al be ~~ ' 


Amplifier switched on 
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Fig. 3.3.20. Result of a sudden torque disturbance ina SCR speed control system. 
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trol system. Each unique application has an formance, price, versatility and utility. The 
equally unique solution where a host of selection of the “‘best’’ control is, indeed, a 
qualities have to be considered, such as per- complex responsibility. oO. 
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Chapter 4 


Speed Controls and Servo Systems 


A servo system in its most elementary form 
consists of an amplifier, actuator and feed- 
back element. Paramount to the system 
function is stability, and a fair amount of a 
system designer's time is spent analyzing 
system parameters and arranging for condi- 
tions of servo stability and proper response 
time. 


We will in this chapter analyze system 
fundamental equations, establish “block 
diagram” concepts and formulate transfer 
functions. We will cover Laplace transfor- 
mation and use it to develop the input-out- 
put relationships (transfer functions) for a 
motor, amplifier and feedback elements. 
Also, in our discussion, we will cover sys- 
tem stability and describe the root locus 
method for determining stability. 


The closed-loop servo system mentioned 
above is an example of just one of the many 
various types of control systems. We shall 
discuss the most common types, namely: 
velocity control, position control, torque 
control, and hybrid control systems. We 
will then describe the feedback components, 
and present their transfer functions. Various 
types of servo amplifiers will also be 
covered. 


Besides describing the most common types 
of controls, we will also cover system char- 


acteristics, such as system step response and 
system bandwidth. 


We will also discuss phase-locked servo sys- 
tems, “‘how to make systems work”, and 
how to optimize your system (velocity 
profile, coupling, and capstan size). 


4.1. SERVO THEORY 
LAPLACE TRANSFORMATION 


In engineering analysis and design, a linear 
system is, first of all, described mathemat- 
ically, then the system is studied to deter- 
mine response to a variety of input excita- 
tion signals. The differential or integro- 
differential equation or equations which 
mathematically describe the system must 
be manipulated to obtain a desired equation 
characterizing the input-output relationships 
of the system. 


Manipulation of these equations which con- 
tain exponential, transcendental or non- 
sinusoidal functions can be simplified when 
they are “‘transformed” from differential 
form to an easier-to-handle algebraic form 
by applying the Laplace transformation. 
The algebraic mathematics are equated into 
input-output relationships, then the result 
is transformed back into the original differ- 
ential or integro-differential form by apply- 
ing an /nverse Laplace transformation. 
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In the first two sections, the Laplace trans- 
formation will be explained. 


The defining equations and symbols of 
Laplace transformation are: 


If 


f(t) is any function of time such that f(t) 
= 0 for t <0 and the integral (4.1.2) has 
a finite value, then 


f(s) is the Laplace transform of f(t). 


The Laplace operator s is defined as the 
complex variable: 


S$ = otjw (4.1.1) 


and the Laplace transformation is defined 
as: 


oo 


f(s) = z f(t) e* dt (4.1.2) 


O 


Thus, to find the Laplace transform of a 
function f(t), the function f(t) is multiplied 
by e St then integrated from t=0 to t=. 


Examples: 


1. Let f(t) = A for t.> 0 (a constant); then 
the Laplace transform will be: 


Coo 
f(s) = Ae~St dt = roa est 0° 
S Oo 
O 
—— = (e—” — e®) (4.1.3). 
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f(s) = Bf (4.1.4) 


2. Let f(t) = Ae. Then: 


(oe) 
f(s) = Ff Ae e—St at 
6 


= A f eat gst dt (4.1.5) 


f(s) (4.1.6) 


INVERSE LAPLACE TRANSFORMATION 


Once an equation has been transformed, the 
solution for the unknown variable may be 
determined through algebraic manipulations. 
The solution expressed in terms of the com- 
plex variable, s, may be sufficient in some 
cases; if not, the solution as a function of 
time can be obtained by either taking the 
inverse Laplace transformation 


g + joo 
f f(s)etds (4.1.7) 
go — joc 


or by using standard tables such as Tab. 
4.1.1. 


As an example, assume that through alge- 
braic manipulation, the Laplace transform 


Ks) = (4.1.8) 


at 


|= “%3|— n|> 


in Tet (n=1,23,...) 
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Tab. 4.1.1. Laplace transforms 
To determine the inverse transform, f(t), 


the function f(s) will be factored into: 


2 
s+ 1 


f(s) = = - (4.1.9) 
From this section, or the table, we know 
that the inverse transform of = is a constant, 
2, and the inverse transform of 2/(st1) is 
2et. Therefore the inverse transformation 
of the above f(s) gives 


f(t) =2—2e* | (4.1.10) 
TRANSFER FUNCTIONS 


In control theory, the relationship between 
input driving signal and output response 
is expressed by means of a transfer function. 
The transfer function is defined as a ratio 
of the Laplace transforms of the output 
and input signals, with the assumption that 
all initial conditions are zero. 


As an example, we will examine a circuit 
in Fig. 4.1.1., write the network equations 
and, utilizing the Laplace transformation, 
manipulate the equations so as to obtain a 
ratio of the output and input transforms. 


ee R 


Vj C Vo 


Fig. 4.1.1. RC integratirig circuit. 


In writing the network equations we obtain: 


vi =iR+—~ | idt 
=R oa + a (4.1.11) 
Wie (4.1.12) 


where q = fiat. These transform to: 
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(4.1.13) 


v.(s) = (s da 


vols) = als (4.1.14) 


Dividing, we arrive at a ratio of input to 
Output transforms: 


Since this expression is the ratio of the 
Laplace transforms of output and input 
voltages, it represents the transfer function 
of the RC network of Fig. 4.1.1. 


BLOCK DIAGRAMS 


To show the relationship between the var- 
ious components and the flow of signals 
between them, a diagram is drawn in block 
form. Each block describes a component 
by means of its transfer function and is 
associated with arrows to illustrate direction 
of signal flow. Such a block is shown in 
Fig. 4.1.2. 


Vi (s) 


Fig. 4.1.2. A block diagram showing input signal, 
block transfer function, and output signal. 


The arrow indicates that V, (s) is the input, 
Vy(s) is the output, and G(s) is the transfer 
function [the ratio of V(s) to V, (s)]. 
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Several signals are joined by summing points 
such as shown in Fig. 4.1.3. A summing 
point has numerous inputs, but only one 
Output which equals the sum of the inputs. 


Fig. 4.1.3. A summing point may have several 
inputs. The output is the sum of the input signals. 


The output of the summing point in Fig. 
4.1.3 is: 

E(s) = A(s) — B(s) + C(s) (4.1.16) 
A block diagram representation of a closed- 
loop system, where the output signal is fed 


back and compared to the input, is illus- 
trated in Fig. 4.1.4. 


Fig. 4.1.4. Block diagram of a closed-loop system. 


An input signal R(s) is compared to feed- 
back signal B(s) at the summing point, the 
difference E(s) is input to the block G(s), 
and an output C(s) is obtained. The relation 
between the variables are given by the 
equations: 


C(s) = G(s) E(s) 


B(S) = H(s) C(s) 
(4.1.17) 


E(s) = R(s) — B(s) 


R(s) — H(s) C(s) 


By eliminating E(s) from the equations, we 
obtain: 


C(s) = G(s) R(s) — H(s) G(s) C(s) (4.1.18) 


The closed-loop transfer function, or the 
relationship between output and input be- 
comes: 


_ Cs) G(s) (4.1.19) 


TRANSFER FUNCTION OF A DC MOTOR 


Now that we have reviewed the basic block 
diagram, what a transfer function is, and 
how to derive it, we will derive the transfer 


function of one specific block used in the 
closedtoop system - the block representing 
the motor. 


A simplified model of a DC motor with 
permanent magnet field can be derived by 
assuming armature inductance to be zero 
and ignoring the resonance effect. A com- 
plex model of a DC motor was presented in 
section 2.3. and will be further discussed in 
section 4.2.1. With these stipulations, the 
DC motor equations are: 


V=LR+ Kew (4.1.20) 


[V:A, Q, V/rad s~" rad/s] 


(4.1.21) 


(4.1.22) 


[Nm; kg m2, rad/s? ] 


If we make a small closed-loop system, and 
assign each block a specific symbol, the 
block diagram would appear as shown in 
Fig. 4.1.5. 


Fig. 4.1.5. Block diagram of a DC motor as the closed-loop system with each block representing a specific motor parameter. 
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Combining blocks to simplify the diagram, 
we arrive at the form shown in Fig. 4.1.6, 
from which the motor transfer function 
relating velocity w to the input voltage V 
can be written: 


& 
a (5) _ o(s) F R Js 
m V(s) KK, 
+ eee 
Rus 
1/Kp 
a. i (4.1.23) 
T+s 
Ky Ke 
or: 
1/K 
Dees 
Gu (s) 14 7 (4.1.24) 


where To. is the mechanical time constant. 


Fig. 4.1.6. By combining the blocks of Fig. 4.1.5, 
we will arrive at this simplified block diagram for a 
DC motor transfer function. 


This transfer function contains terms that 
describe motor response to cyclic or vari- 
able frequency signals. We can plot the 
frequency response characteristic of the 
motor by setting s equal to jw. Then: 
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s = jw = j2rf | (4.1.25) 


The transfer function is then evaluated for 
an entire range of frequencies and the results 
can be plotted. It is customary to plot the 
transfer function magnitude in decibels vs. 
frequency plotted in a logarithmic scale, 
and is termed the gain-frequency character- 
istic of the motor. Such a plot ts called the 
Bode plot. 


At a frequency where 2rf is equal to 1/7,, 
the slope of the curve shows a sharp change 
as can be seen in Fig. 4.1.7. 


— 2 f[Hz] 


Fig. 4.1.7. Bode plot of a simplified motor model 
which ignores motor inductance. 


@) —~? f [Hz] 


sad 


Fig. 4.1.8. Phase angle-frequency characteristic of 
a DC motor. 


This frequency, which can be evaluated by 
the ratio K_-K,/RJ, is called the break 
frequency of the motor: 


(4.1.26) 


| oe —_— 
DTT 27JR 
[Hz; V/rad s—', Nm/A, kg m2, Q] 


The phase angle-frequency characteristic of 
the motor can also be plotted as illustrated 
in Fig. 4.1.8. 


The phase angle is determined by the de- 
nominator of the transfer function, so that: 


RJ 
= —1 
y = — tan (4.1.27) 


[rad; 2, kg m2, V/rad s~!, Nm/A] 


EXAMPLE: Two motors are under con- 
sideration for an application where they 
are required to respond to control signals 
which recur at rates as high as 125 times 
per second. Without regard to the torque 
and heat dissipation requirements, which 
motor would be the first choice if the 
following data is available: 


Motor “A” 
K_ = 9.5 oz-in/A = 6.7 x 10-2 Nm/A 
Ke = 7 V/krpm = 6.7 x 10-2 V/rad s“1 
R =052 
J = 0.68 x 10~30z-in-s* 


=4.8 x 10-6 kg m2 


Motor “B”’ 

K, = 12 oz-in/A = 8.48 x 107Nm/A 

Ke = 8.9 V/krpm = 8.48 x 107 2V/rad s! 

R =0.752 

J =2.4x 1073 oz-in-s? 

= 1.695 x 10—° kg m2 

The application requires the motor to accel- 
erate the load with moment of inertia of 
0.3 x 107% oz-in-s? = 2.12 x 107© kg m2. 


Calculating the break frequency for motor 
“A”, we obtain: 


K. Ky 
b-  27JR 


- 6.7% x 10-4 
Qn (4.8 + 2.12) x 107© x 0.5 


f, = 206.5 Hz 


Then calculate break frequency for motor 
5d 2 a 


pe 8.482 x 10-4 
Don (16.95+2.12) x 107° x0.75 
f, = 80 Hz 


It can be seen that insofar as dynamic 
characteristics are concerned, motor “A” 
provides significant advantage in its higher 
break frequency which would permit Gael 
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compensation of the servo system to achieve 
the desired bandwidth. 


TRANSFER FUNCTION OF 
AN AMPLIFIER 


An ideal DC amplifier would have a constant 
gain for all input frequencies. However, 
practical amplifiers are limited to a certain 
frequency range, and the corresponding 
transfer function in most cases Is: 


Vo (s) A 
G,(s) = V; (s) 1+sr 


(4.1.28) 


a 


where 7, is the time constant of the ampli- 
fier and A is the DC gain. 


STABILITY 


We have just presented the transfer func- 
tion for two blocks in the servo system, the 
motor and the amplifier. We shall now 
discuss the three possible types of system 
response to a step input. 


Let a system be described by the transfer 
function: 
G(s) = Nis} 


Dis) (4.1.29) 


Roots of N(s) = 0 are zeros of the system, 
and roots of D(s) = O are poles of the sys- 
tem. Poles play a major role in the sys- 
tem’s stability, and in order to analyze 
stability, these poles must be determined. 


If a pole is given by: 
p=oat jw (4.1.30) 
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then three different types of responses may 
be possible. These are (if all poles meet the 
following equations): 
Case 7: 0 <Oand |w!< |o| (4.1.31) 
Case 2: o <Oand |w| > Io! (4.1.32) 
Case 3: o >O (4.1.33) 
Case 7: the system is overdamped and 


response to a step input will be as illustrated 
in Fig. 4.1.9. 


Output 
amplitude 


Fig. 4.1.9. Overdamped system response to step 
input. 


Output 
amplitude 


$$ 
Fig. 4.1.10. Underdamped system response. 
Case 2: the system is underdamped and a 


step input will cause overshoot in the re- 
sponse, as can be seen in Fig. 4.1.10. 


Case 3: when one or more poles exhibit the 
property of o > O, the system will be un- 
stable and response will increase with time. 


ROOT LOCUS METHOD 


There are several analytical and graphical 
methods to determine system stability, all 


of which depend on the fact that if o > 0 
the system will be unstable. We will describe 
the root /ocus method for determining servo 
system stability. 


Consider the closed-loop system of Fig. 
4.1.11, whose transfer function is: 


C(s) _ G(s) 


R(s) 1+ G(s) H(s) eee) 


f(s) = 


The entire expression is termed the c/osed- 
loop transfer function; G(s) H(s) is called 
the open-loop transfer function. 


Fig. 4.1.11. Block diagram used for explanation 
of root locus method. 


The objective is to determine poles of the 
closed-loop transfer function since they 
characterize the response of the system. 
Therefore, the equation to be solved is: 


1+ G(s) H(s) =0 | (4.1.35) 
which is called the characteristic equation. 


The equation can be solved numerically to 
determine the poles. However, we want to 
find the dependence of the poles on some 
parameter such as the system gain. This is 
necessary since the parameter may not be 
known exactly, or because we may wish to 


change the parameter and will want to 
observe how this will affect location of 
poles. 


A way to accomplish this is by utilizing 
the root locus method, which basically 
gives the closed-loop poles in relation to the 
open-loop poles and zeros, and a parameter 
K, which is the parameter of interest (usually 
gain). The method is described by the 
following set of rules, each of which is 
illustrated by an example: 


RULE #7: 


In order to construct the root loci, obtain 
the characteristic equation and rearrange it 
to the format: 


(s —z,)(s —Z,)...(s —z,) 


a (s —p,)(s— po). oat 


(4.1.36) 


where K is the parameter of interest (usually 
gain) which is assumed to be positive. The 
second term in the left side of (4.1.36) 
is the open-loop transfer function. Then 
locate the open-loop poles and zeros in the 
s-plane. 


Example: consider a system with: 


sigs» Wied 
G(s) = s+ 1) (4.1.37) 
fips (4.1.38) 


(s + 3) (s + 4) 


rearranging to the desired format: 
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(s + 2) = 
*K ay ais+ayera) 0 (4-199) 


The open loop poles and zero are located 
in the s-plane as shown in Fig. 4.1.12. 


Im s-plane 


Pole 


Fig. 4.1.12. Open-loop poles and zero plot of 
(4.1.39). 


RULE #2: 


Find the starting and termination points of 
the root loci. Since in all real systems the 
number of open-loop poles is greater or 
equal to the number of zeros (n = m), the 
root loci start for K = 0 at the open-loop 
poles and terminate at either an open-loop 
zero or at infinity. There are n branches, 
m of which will terminate at a zero, and 
(n—m) branches will terminate at infinity 
along asymptotes. 


Example: for the system of the previous 
example, the number of open-loop poles is 
n=4, and the number of open-loop zeros 
is m = 1. So that one branch will terminate 
at the zero, and three will terminate at 
infinity. 


RULE #3: 


Determine the root loci on the real axis. 
A point on the real axis lies on a root locus 
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if the total number of open-loop poles and 
zeros on the real axis to the right of the 
point is odd. 


Example: for the given example, portions 
of the root loci on the real axis are marked 
by the heavy line illustrated in Fig. 4.1.13. 


Fig. 4.1.13. Illustration of Rule #3 in which por- 
tions of the root loci on the real axis are marked. 


Notice that all the points left of —4 up to 


— co are part of the root loci. Therefore, 
this branch of the root loci approaches 
infinity along the negative axis. 


RULE #4: 


Determine the asymptotes of the root loci. 
(n—m) branches of the root loci terminate at 
infinity along asymptotes. The angles of 
the asymptotes equal: 


B[9] = #180 (2N +1) (4.1.40) 
n—-m 


[N=0, 1,2,..,(n—m—1)] 


All the asymptotes intersect the real axis 
at the point o which is given by: 
7 (py tpot.. +p,)—(z,+z5+. ..z,,) 
7 n—m 
(4.1.41) 


Example: for the given example we have 
n—m=3. Therefore, the angles of asymp- 
totes are 


+ 180 (2 N + 1) 


a 3 


[N =0,1,2] 
(4.1.42) 
Thus, the angles will be + 180°, + 60°, and 
-60°, and they intersect at a point given by: 
(0O—1—3-4) —(-2)_ 
9 = = - 2 
: (4.1.43) 


The asymptotes are shown in Fig. 4.1.14. 


s-plane 


Fig. 4.1.14. Illustration of Rule #4 in which the 
angles of the asymptotes are plotted. 


RULE #5: 


Find the breakaway and break-in points. 
If the root locus lies between two adjacent 
poles on the real axis, there is at /east one 
breakaway point. Similarly, if the root 
locus lies between two adjacent zeros on 


the real axis, there is at /east one break-in 
point. However, if the root locus is be- 
tween a zero and a pole on the real axis, 
there may exist no breakaway or break-in 
points. 


lf the characteristic equation is given by: 


K B(s) 


<5 A(s) 


= 0 (4.1.44) 
then the location of breakaway or break-in 
points is given by: 

A’‘(s) B(s) — A(s) B’(s) = 0 (4.1.45) 
where the prime indicates differentiation 
with respect to s. The value of K at those 


points equals the product of distances to 
all poles divided by distances to all zeros. 


Example: in the given example, the char- 
teristic equation Is: 


(s+2) _ 
1+K s(st1)(s¥3)(st4) 0 (4.1.39) 
Thus: 
B(s)=s+2 (4.1.46) 


A(s) =s (s+ 1)(s + 2)(s + 3) 

= st + @s3 + 1152 + 6s (4.1.47) 
Then, differentiating with respect to s: 

B’(s) = 1 (4.1 48) 


A'(s) = 4s° + 18s2 + 22s + 6 (4.1.49) 
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The breakaway point can be found from 
(4.1.45): 


(4 s> +1852 +225+6) (s+ 2) — 
— (s¢+6s2+1157+6s) = 0 


3s4 +203? + 4757+44s+12 =0 
| | (4.1.50) 
Eq. (4.1.50) will have to be solved numeri- 
cally, and for this case it is found that the 
solution ts: 


S= —0.5 (4.1.51) 


RULE #6: 


Find the points where the root loci cross 
the imaginary axis. The points where the 
root loci intersect the imaginary axis can be 
found by substituting s = jw in the char- 
acteristic equation. Equating both the real 
and imaginary part to zero allow the solu- 
tion for K and w. The value of K at that 
point is important since it determines the 
value of the parameter which will cause the 
system to become unstable. 


Example: using the characteristic equation 
from the above example, we set s = jw and 
obtain: 


(jo2+2) _ 
joo (jot 1) (jaot3) (jot 4) 


(4.1.52) 


joo (jot) (joot3) (jwt4) + K (jaot2) = 0 
(4.1.53) 
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This becomes: 


ot —8 jas? —19w2412 jas + Kjwwt2K = 0 
(4.1.54) 


Separating this equation into real and im- 
aginary parts: 


Real: wt—19w2+2K =0 (4.1.55) 


Imaginary: —8w? +12w+Kw = 0 


(4.1.56) 
Using (4.1.56), we obtain: 
K = 8w* — 12 (4.1.57) 
This is substituted into (4.1.55): 
| wt —19 w*+16w*2 — 24=0 
wt —3w? —24=0 (4.1.58) 


If we substitute X = w the equation be- 
comes: 


x2 — 3X — 24=0 (4.1.59) 


which has a solution of: 


. _ 349+96 
12° 


2 
X, = 6.62 
X, =-3.62 


Since only positive values are allowed for 
X, we obtain X = 6.62; so that w? = 6.62, 
and the root locus crosses the imaginary 


axis at w = 2.57. The value of the gain, K, 
at that point ts: 


K = 8w* — 12 = 41 (4.1.60) 
The root loci for this example are shown in 


Fig. 4.1.15. 


Im /s-plane 
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Fig. 4.1.15. Example of locating the point where 
root locus crosses the imaginary axis. 


This concludes the presentation of the six 
rules for constructing of the root locus. To 
further illustrate construction of root loci, 
another problem is presented. The open- 
loop transfer function will be G(s) H(s), 
where 


G(s) -< (4.1.61) 
_st2 
H(s) = 4 (4.1.62) 


Step 1: The characteristic equation is ar- 
ranged to the prescribed format: 


s+2 


Slee) =0 (4.1.63) 


and plotted in Fig. 4.1.16. 


Im |s- plane 


Fig. 4.1.16. An example of locating and plotting 
poles and zeros. This is the plot of Eq. (4.1.63). 


Step 2: The starting points are 0 and —1; 
termination points are —2 and since n—m=1, 
another termination point is at infinity. 


Step 3: The root loci on the real axis are 


between O and —1 and to the left of —2. 


Step 4: There is one asymptote (since 
n—m = 1) and the angle of that asymptote 
IS: 
180 (2N + 1) 
n—m 


(N = 0) 


= + 180° (4.1.64) 


TR 
I 
H- 


Step 5: To determine the breakaway and 
break-in points (note that there must be a 
breakaway point between 0 and —1 and a 
break-in point to the left of —2) solve the 
equation: 


A'B — AB’ =0 (4.1.45) 
where: 
A(s) =s(s +1) =s2 +s (4.1.65) 
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B(s) =s+2 (4.1.66) 
Then, differentiating: 
A’=2s+1 (4.1.67) 
B’=1 | (4.1.68) 


and substituting (4.1.65) thru (4.1.68) into 
(4.1.45) we obtain: 


(2s + 1)(s +2) —(s? +s) =0 
s*+45+2=0 (4.1.69) 
Then: 

s, = —2 + 1.414 = —0.586 

Sy = —2— 1.414 =— 3.414 
Thus, a breakaway point is at s=—0.586 and 


a break-in point is at s = —3.414. The gain 
at the breakaway point equals: 


_ 0.586 x 0.414 


“1 1.414 


= 0.17 (4.1.70) 
and at the break-in point: 


Kp = SAX 2414 . 6 


1414 (4.1.71) 


step 6: To see whether the root loci cross 


the imaginary axis substitute s = jw in the 
characteristic equation: | 
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Jjot+2 


1+K——#— = 0 (4.1.72) 


jo (jw + 1) 
Then: 
joo (joo + 1) + K (joo + 2) = 0 
—w* + jw (1+ K) + 2K =0 
equating real and imaginary parts: 
w* + 2K =0 (4.1.73) 
w (1+ K)=0 (4.1.74) 


The only point that satisfies these equations 
is when w =Oand K = 0, which indicates the 
starting point. Thus, the root loci do not 
cross the imaginary axis. The construction 
of the root loci is shown in Fig. 4.1.17. 


Im f s-plane 


tO-co as K-» © 


Fig. 4.1.17. Construction of root loci for Step 6 
of the example. O 


4.2. SERVO COMPONENTS 


After reviewing servo theory, we will de- 
scribe the common servo components by 
their transfer functions and block diagrams. 
This is necessary before we attempt to 
analyze the system as a whole. 


4.2.1. DC MOTOR 


A detailed model for a DC permanent mag- 
net motor was derived in Chapter 2. The 
motor with the load and the tachometer 
was approximated as three bodies, coupled 
by inertialess shafts, and the torsional reso- 
nance was considered. 


The model shows the relations between the 
following variables: 


V(s) = motor voltage 

|,(s) = armature current 

Q.,(s) = angular position of armature 
6,(s) = angular position of load 

05(s) = angular position of tachometer 


The relation among the variables was ex- 
pressed (2.3.44) in a matrix form: 


| | E 
sL,tR) SK | 0 | 0 (3) | | vs) 
—K, ) s7 J, +sD | s7J, | s7 J, 0, (s) 0 

| | - 
O | sDy+K, | —(s?U,+sD,+K,) | 0 6,(s)} | 0 
| | 
0 | sD5+K, | 0 : —(s?J,+sD,+K,) 0,(s) 0 
(4.2.1) 


The above model may be too general and 
unnecessarily complicated in many cases. 
When the structural resonance is of no 
concern, one may assume 


G(s) = 8, (s) = 6,(s) (4.2.2) 
and the motor equations may be simplified: 


sL,+R sK_ L, (s) V(s) 


(4.2.3) 
where J is the total moment of inertia: 


J=J0 +d, +, (4.2.4) 


Since, in many cases, the motor velocity, 
w(s), is of interest, the motor equations 
may be written in terms of the voltage, cur- 
rent, and velocity. 


sL,+R Ke I, (s) V(s) 


(4.2.5) 


The transfer function between the input 
voltage and the velocity is then 


«(s) AT 


V(s) (sU+D)(sL,+R) +K_ Ky 


G_, (s) = 
(4.2.6) 
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The above. models of (4.2.1), (4.2.5), and 


(4.2.6) assumed that the motor is driven by 
a voltage source. In case the amplifier is a 
current source, the model of (4.2.5) will be 
reduced to the form 


(sJ+D) cols) =Kyl,(s)  =—s«(4.2.7) 


and the motor transfer function is 


wis) _ 


Sim!) = Ts) FD 


a (4.2.8) 
Since, in most cases, the amplifiers are volt- 
age sources and the resonance is not signifi- 
cant, (4.2.6) is the most common descrip- 
tion of a DC motor. This equation may be 
further simplified when some of the param- 
eters are small and can be ignored, e.g., 
L. = Q for moving coils motors, or D = O 
for some motors. 


4.2.2. AMPLIFIER 


servo amplifiers may be divided into two 
main groups, according to the type of 
feedback they use: vo/tage amplifiers and 
current amplifiers. The two types will be 
studied separately, and the transfer function 
model for each one will be given. Further 
details on the amplifier design can be found 
later in this chapter. 


Voltage Amplifier 


Ideally, an amplifier should have constant 
gain for all frequencies. However, this is 
not the case in practice, and all amplifiers 
have limited bandwidth. If the amplifier 
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transfer function has a single pole, the 


transfer function between the input com- 


mand, Vi, (Ss), and the output, Vout (S). is 


Vout (s) A 
Vi, (s) 7 st, + 1 ee 


where A is the DC gain of the amplifier 
and 7, Is the time constant. 


If the amplifier has more than one pole, 
the transfer function should be constructed 
accordingly. 


Current Amplifier 


Current amplifiers differ from voltage am- 
plifiers by the fact that the current is fed 
back and, therefore, the output current is 
proportional to the input voltage. Con 
sequently, the transfer function in the case 
of a single pole is 


| A, 
out eee (4.2.10) 
V.. (s) sr, + 1 


in 


Note that A, has a unit of [A/V]. 


4.2.3. AMPLIFIER-MOTOR SYSTEM 


In some cases, both current and voltage 
feedback are used to achieve a certain per- 
formance. The general arrangement in such 
a system is shown in Fig. 4.2.1. The block 


of represents an amplifier with a 


Sta +7 
voltage feedback. We will show how a 
current feedback may be added and discuss 


its effect on the transfer function. 


Amplifier with 
voltage 
feedback 


—a aoe oe ee eee ee oe 


—_— ew eee 0 oe 0 eee eee eee ee ee 


Current feedback 
Fig. 4.2.1. A system of motor and amplifier with current and voltage feedbacks. 


The transfer function between Vin and the 
velocity, w, equals 


A 1 Ky 


sale) st,+1 sL,+R sJ+D 


=, K 
Vi, (8) ae A 1 R -b 1 T 


ott sL,tR 8 7 SLR +D “e 
st, +1 sh, sL, sJ 


A: Ky 
(sr, + 1)(sL, + R)(sd + D) + A R,b(sd + D) + Ke Ky (s7, + 1) 


(4.2.11) 
Note that if b = 0, then (4.2.11) is the pro- 
duct of (4.2.6) and (4.2.9), indicating that 
the system is a series combination of a 
voltage amplifier and a motor. If, on the 
other hand, b becomes large, the values of 
the system poles are altered considerably. 


When a positive current feedback is used, 
then (4.2.11) holds under the condition 
b <0. Note that in this case large values of 
b will cause instability. 


—_ at ow ae eee ee eee gee 


— we ome 


Sensing 
resistor 


aan eee ew ee ee eee ee eee ee eee ow 


4.2.4. TACHOMETER 


An ideal tachometer is a device whose out- 
put voltage, Vg Is proportional to the shaft 
angular velocity w. Thus: 


(4.2.12) 


In the real case, however, the voltage will 
have other components, which appear as 
ripple in the voltage given by (4.2.12). 
Expanding (4.2.12) to include ripple fre- 
quency and amplitude terms, we arrive at: 


Vg = Kw [1+k, cos (uwt)+k, cos (2uwt) | 


(4.2.13) 


where u is the number of commutator 
segments. 


4-17 


It is desirable to have ky and k, as small 
as possible to reduce the ripple factor, &, 
so that tachometer output voltage would be 
proportional to w only. The ripple factor 
is: 


=¥ 2 2 
£= k, + ky 


In most cases, the tachometers are selected 
so that the ripple is not significant. Then 
(4.2.12) holds, and the tachometer transfer 
function becomes: 


(4.2.14) 


Vals) 7 


aes K, (4.2.15) 


The block diagram is shown in Fig. 4.2.2. 


Fig. 4.2.2. Block diagram of tachometer showing 
velocity input and voltage output. 


Fig. 4.2.3. A linear potentiometer. 


4.2.5. POTENTIOMETER 


A linear potentiometer provides an output 
voltage, Vo proportional to the angular 
position, 6, of its shaft (Fig. 4.2.3). It 
Operates on the principle of a voltage 
divider, where rotation moves the wiper 
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across a fixed resistor, resulting in an output 
voltage proportional to the angular position. 
The output voltage of an ideal potentiom- 
eter is given by: 


(4.2.16) 


In real potentiometers, the relationship of 
V. and @ is not truly linear, as indicated 
by (4.2.16), due to two main factors: first, 
potentiometer resistance is not uniform, 
which results in non-linear response; and 
second, in connecting the wiper, we load 
the circuit slightly, also affecting poten- 
tiometer linearity. 


The transfer function of an ideal potentiom- 
eter Is: 


V_(s) 
p = 
O(s) K, 


(4.2.17) 


and since the’shaft position is an integral of 
the shaft angular velocity, we may write: 


G(s) 1 


as (4.2.18) 


Combining (4.2.17) with (4.2.18) yields: 


(4.2.19) 


This is represented by the block diagram 
in Fig. 4.2.4. 


Fig. 4.2.4. Block diagram of potentiometer. 


In some systems linear motion is required. 
In that case, this motion can be converted 
into rotation and a potentiometer can be 
used. _ The other alternative is to use a 
linear variation differential transformer, 
which is described in the following para- 
graph. 


4.2.6. LINEAR VARIATION DIFFERENTIAL 
TRANSFORMER (LVDT) 


The LVDT is the linear equivalent of the 
potentiometer, and produces a voltage Vi 
proportional to the linear position x of its 
movable part so that: 


V, =K, x (4.2.20) 


Since x is the integral of the linear velocity 
v, we can write: 


2h ol (4.2.21) 
S 


We can equate linear velocity v to angular 
velocity w by: 


V=rw (4.2.22) 


Thus, (4.2.20), (4.2.21) and (4.2.22) can 
be combined to: 


V_ As) K,r 


ee ; (4.2.23) 


Eq. (4.2.23) is represented by the block 
diagram in Fig. 4.2.5. 


4.2.7.ENCODERS 


Incremental Encoder 


An incremental encoder is a device which 
generates a pulse for a given angular incre- 
ment of shaft rotation. The pulse may be 
square, trapezoidal, or sinusoidal. For ex- 
ample, assume that an unidirectional en- 
coder generates N sinusoidal waves per 
revolution. The output voltage will be 
given by: 


V, = Asin (N6) (4.2.24) 


where @ is the angular position of the shaft 
In radians. 


Note that the relationship of @ and V, is 
non-linear and, therefore, cannot be de- 
scribed by a transfer function. However, 
in the case where the angle @ is kept within 
some small variations, (4.2.24) can be 
linearized, resulting in the equivalent equa- 
tions of a potentiometer. 


Bidirectional encoders, on the other hand, 
have two output signals shifted by some 
phase angle, y, thus: 
Vioq =Asin (NA) (4.2.25) 
Veg =Asin (NO + y) (4.2.26) 


The relative timing of V,, and V,5 yields 
direction of the rotation and rotation angle. 


A common use of the incremental encoder 
is to input encoder signal into a digital 
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Fig. 4.2.5. Block diagram of a linear variation 
differential transformer. 


counter, whose output is proportional to 
the angular position, @. Other applications 
use an encoder in a hybrid control, in which 
a motor is driven in a velocity control mode 
for some angle and then switched to position 
control mode which stops the motor in the 
next neighboring pulse position. 


Absolute Encoder 


An absolute encoder is equivalent to an. 


incremental encoder, connected to a digital 
counter with channels whose outputs form 
a number proportional to the shaft posi- 


Output 


decadic 2|— ee 


number 


tion. Output data is periodic for every 
revolution, as shown in Tab. 4.2.1 and in 


Fig. 4.2.6. 
2 | sp inn manta Equivalent 
Output binary numbers dacadic 
Cr 
Ca 
e-oret 0 ft 
Ee 


Tab. 4.2.1. An absolute encoder output data. 


Tt Si 
—_——— 6 [rad] 
Fig. 4.2.6. Plot of an absolute encoder output. a) 
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4.3. SERVO SYSTEMS 
4.3.1. INTRODUCTION 


One means of controlling the velocity or 
angular position of a motor is by an open- 
loop control system as shown in Fig. 4.3.1. 


In the open-loop system, the output will 
follow the desired function as long as all the 
system variables are constant. Any change 
in load, amplifier gain, or any other system 
variable will, however, cause a deviation 
from the desired value. In order for the 
motor to conform to a desired function 
independently of changes in these variables, 
a closed-loop servo system, such as the one 
illustrated in Fig. 4.3.2, must be con- 
structed. 


In the closed-loop system, the output vari- 
able is measured, fed back and compared to 
the desired input function. Any difference 
between the two is a deviation from the 
desired result; the deviation is amplified 
and used to correct the error. In this 
manner, the closed-loop system is essentially 
insensitive to variations in parameters, and 
therefore performs correctly despite changes 
in load condition and other system param- 
eters. However, now the response of the 
system depends on the closed-loop con- 
figuration and as such it may be over- 
damped, underdamped, or even unstable. 
Special care must be given to the design of 
the closed loop in order to obtain the de- 
sired response. 


Servo systems are divided according to the 
variable being controlled. The most com- 
mon systems are: 


1. Velocity control systems - motor 
velocity is to follow a given velocity 
profile; 


2. Position control systems - motor 
angular position Is to be controlled; 


3. Torque control systems - motor tor- 
que is to be controlled; 


4. Hybrid control systems - the system 
switches from one control mode to 
the other. For example, we may 
want to control the velocity for 
some time and then switch to posi- 
tion control mode. 


Since these modes of system control are the 
most common, the following paragraphs 
describe them in detail. 


4.3.2. VELOCITY CONTROL SYSTEMS 


In a velocity control system, motor velocity 
is controlled to follow a signal describing 
the desired velocity profile. In the fol- 
lowing analysis, simplified transfer func- 
tions are used to describe the motor and the 
amplifier in order to describe the method 
of velocity control. The block diagram for 
such a system is shown in Fig. 4.3.3, using 
the following to describe the system: 
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Desired 


Control ler 
function and Motor and load 
amplifier 


Desired 
function 


Controller Output 
and 


amplifier 


Motor and load 


Fig. 4.3.1. A typical open-loop control system. 


Sensing 
device 


Fig. 4.3.2. A typical closed-loop control system. 


. Amplifier Motor & load 
Desired 
velocity 
Wg 
Fig. 4.3.3. Velocity control system. 
- The closed-loop transfer function for the 

A DC gain of the amplifier velocity control system, which is the ratio 

. . of the Laplace transforms of the output 
T, time constant of the amplifier velocity w, and the desired velocity wa, is: 
T,, mechanical time constant of loaded A 1 

eo Wo, (s) Itst, K_(1+s7,,) 

G, (s) a os (s) = i es, A a ae K 2 

K_ motor voltage constant | dq’. ‘Ttsr, K_(1+s7,_) “9 
K, tachometer voltage constant | (4.3.1) 


In order to determine the system response, 
the root locus method is used to evaluate 
the effect of the amplifier gain A on the 
system response. The root locus for the 
velocity control system is shown in Fig. 
4.3.4. Note that for the small values of A 
the roots are negative real, which indicates 
that the system is overdamped. As the gain 
is increased, the system becomes less and less 
damped, and will tend to overshoot in re- 
sponse to a step input. Because of the 
simplification used on the transfer func- 
tions, the system remains stable for any 
value of A. This is not the case in reality, 
where the system has some more poles and, 
therefore, will become unstable for a cer- 
tain value of A. Im 


A increases s-plane 


Re 


A increases 


Fig. 4.3.4. Root locus for a velocity control system. 


4.3.3. POSITION CONTROL SYSTEMS 


The objective in position control systems is 


to control the angular position of the motor 


shaft, either locking the shaft at a desired 


position, or rotating it at a given rate. The 
block diagram for such a system, with 
simplified transfer functions for motor and 
amplifier, is given in Fig. 4.3.5. 


The system parameters are explained as 
follows: 


Motor velocity is denoted by W, and the 
angular position is 8). Since @, is the 
integral of Wo: this corresponds to a trans- 
fer function 1/s as shown in the diagram. 
K_ represents the tachometer voltage con- 
stant [V/rad s~'], and K, is the gain of 
the position sensor [V/rad]. The sensor 
can be a potentiometer or equivalent device. 
Note that the combination KI tK 
is fed back and subtracted from 64. This is 
done to achieve stability, as will be shown 
later. 


The transfer function of the system is: 


0 As) 
G(s) =-—— 
p(s) 0 4 (s) 
I A _ 1 
s Its7, K_(1+s7,_ ) 
= K 
1+s7, K_(1+s7,, ) 9 § 


(4.3.2) 


In order to analyze the system response, 
we look at the roots of the second term of 
the characteristic equation: 
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Amplifier 


Motor & load 


| 
Ke (I+S Tim) 


Fig. 4.3.5. Position control system. 


Desired 
position 

Oy. 

Tachometer 
A 
Ke KstK, 

Vie eee (4.3.3) 

1+s7, s(1+s7_) = 


The root locus for this equation is shown 
in Figs. 4.3.6 and 4.3.7. Note that if no 
tachometer feedback is used, K. = 0 and 
the characteristic equation will have three 
poles and no zeros. The root-loci for this 
case are shown in Fig. 4.3.6, where it can be 
seen that the system becomes unstable for 
large values of gain A. 


Fig. 4.3.6. Root locus plot of position control 
system with no tachometer feedback. 
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Fig. 4.3.7. Root locus plot of position control 
system with tachometer feedback. Note the im- 
provement in stability. 


The introduction of K_ adds a zero to the 
open loop transfer function and alters the 
root loci as shown in Fig. 4.3.7. The new 
configuration is more stable and can accom- 
modate higher gain. 


Note again that the above analysis is based 
on simplified transfer functions of the 
motor and amplifier. In the real case, the 
transfer functions will contain more poles 
and the system will tend to become unstable 
more rapidly. However, the effect of the 


_ velocity feedback is to increase the stability 


of the system as shown here. Moreover, 


one can control the system response by 
changing the value of K_. When K. is small, 
the system may be unstable or under- 
damped, and as Ko increases, the system be- 
comes more damped. 


4.3.4. TORQUE CONTROL SYSTEMS 


In some cases it is desired to keep the tor- 
que of the motor constant. Since torque 
is proportional to the motor current, it 
means that a constant current must be pro- 
vided to the motor. The method for 
achieving this is illustrated in Fig. 4.3.8. 


Fig. 4.3.8. Torque control system. 


The input voltage V; = — IyR is Compared 
with the feedback voltage V, = I,R and 
input to a high gain amplifier. If the output 
current I, is different from the desired 
current |, the difference is amplified and 
used to correct the situation. 


4.3.5. HYBRID CONTROL SYSTEMS 


In some applications, the advantages of 
various control modes can be combined to 


establish the desired performance by switch- 
ing the system from one control mode to 
another. 


One example of a hybrid system is one 
which alternates between velocity and posi- 
tion control modes. Such a system can be 
used for incremental motion, where the 
motion is performed under velocity control 
in obedience to a desired velocity profile, 
whereas stopping Is done by position con- 
trol mode to achieve greater accuracy. 


Another example would be when forward- 
backward motion is to be performed, and 
different velocity profiles are required for 
each direction. If, for instance, the forward 
motion is to be done at a constant velocity 
and the backward, or return, motion is to 
be in minimum time, it could be done by a 
hybrid control in which velocity control is 
used in the forward mode and position 
control is used for the return or “homing” 
mode. 


A velocity/position hybrid control system 
is shown in Fig. 4.3.9. When the mode 
selector switch is open, the position feed- 
back is disconnected, and the system oper- 
ates as a velocity control servo. C/osing the 
switch adds the circuitry required for posi- 
tion control. This hybrid system provides 
the advantages of both velocity and position 
controls, since it allows to follow a desired 
velocity profile in velocity control mode, 
while stopping with position accuracy. The 
shaft will be locked in the desired position 
after stopping. Achieving these advantages 
results in additional costs. First, a switch- 
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Input 


Mode selector Potentiometer 


Fig. 4.3.9. Velocity/position hybrid control system. 


ing circuit is required to select system modes the design more difficult. However, the 
at the right time. Secondly, the system has additional design effort is justified if alter- 
to be designed so that it responds to a nate control modes are dictated by specific 
desired manner in both modes, which makes applications. Oo 
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4.4. SYSTEM CHARACTERISTICS 


The performance of a servo system is com- 
pletely determined by its closed-loop trans- 
fer function. However, there are certain 
system characteristics which are especially 
significant, and even though they can be 
derived from the transfer function, it is 
worthwhile to describe them in detail. These 
characteristics are discussed below. 


4.4.1.RESPONSE OF THE SYSTEM TO 
A STEP COMMAND 


System response to a step input command 
depends on all the poles and zeros of the 
closed-loop transfer function. However, in 
most cases, One can obtain a good approxi- 
mation of this response by considering only 
the dominant pair of poles - which may be 
real or complex. The system response may 
be any one of the following: 


Overdamped Response 


The two dominant poles are either negative 
real or complex, with the real part negative 
and with the imaginary part smaller (in 
absolute value) than the real part. Thus, if 
the poles are: 


p, =0, <0 
(4.4.1) 
Pp = 05 <0 


or 


Py 9-9 + Jw 
ao <0 (4.4.2) 
lo| > Ww 


then the system will be overdamped, as 
shown by curve (1) of Fig. 4.4.1. 


Critically Damped Response 


The dominant poles are complex with equal 
negative real and imaginary parts. Thus: 


lo| = w | (4.4.3) 


The response in this case is fast and without 
an overshoot. It is shown by curve (2) of 
Fig. 4.4.1. 


Underdamped Response 


The imaginary part of the poles is larger 
than the absolute value of the real part; that 
IS: 


w > |o| (4.4.4) 


The system response overshoots, but finally 
settles at the steady state value. The set- 
tling time is reciprocal of |o|. Therefore, as 
lo| increases, the settling time becomes 
shorter. Curve (3) in Fig. 4.4.1 illustrates 
an underdamped response. 


Unstable Response 


When any of the system poles has a positive 
real part, the response is unstable. In 
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—w» Output variable 


Se - 
ie 
@) 
@ 
et 
Fig. 4.4.1. Response of a system to a step input 


command: Curve 1 - overdamped response; Curve 2- 
critically damped response; Curve 3 - underdamped 
response. 


practical systems instability leads to oscilla- 
tions or saturation, and they are both un- 
desired results. 


The above discussion was based on the 


approximation of the system transfer func- 
tion by its dominant pair of poles. The 
contribution of the remaining poles and 
zeros may vary, depending on the case. 
However, there are two common features 
caused by the additional poles: 


1) Additional poles tend to introduce 
delay in the system response. 


2) Complex poles which are close to 
the imaginary axis (e.g., poles due to 
structural resonance) will produce 

“some “‘ringing’’ that rides on the 
response, and may have a long set- 
tling time before it decays. Fig. 
4.4.2 shows a curve of the approxi- 
mate response and a curve of the 
exact response with “‘ringing’. 
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Fig. 4.4.2. Complex poles close to imaginary axis 
will cause “ringing” which will ride on the response. 


Another question concerning the response 
of a system is its ability to follow input 
signals of different types. In analyzing a 
system, we observe that the system’s fol- 
lowing ability depends on the number of 
integrators in the open loop, which is de- 
fined as the type of the system. For this 
system, the open-loop transfer function 
has generally the form 


(s—z., )(s—z.)(s—z.)....(s—z__ ) 
G(s) = gna aaa “seein ei 
s\ S—p,)(s—p5)(s—p3)..-(s—p,, ) 


(4.4.5) 


The integer N indicates the number of in- 
tegrators in the loop and it determines the 
type of the system. Thus, a system is called 
Type 0, Type 1, Type 2...if N=0,1,2... 
respectively. 


As mentioned above, the type of the system 
determines its following ability. The higher 
the type, the better the following. A Type 
O system will follow a step input signal with 
a constant steady-state error. If the input 
signal is a ramp, the error in following will 
increase with the time. 


A Type 1 system, on the other hand, follows 
a step input signal with no steady-state error 
and follows a ramp input signal with a con- 
stant error. Clearly, as the type of a system 
is increased, its following ability is tm- 
proved; a Type 2 system can follow either 
step or ramp input signals with no steady- 
state error. 


4.4.2. SYSTEM BANDWIDTH 


If the input signal to the system is sinusoidal 
with a low frequency, the system can 
respond and follow the input signal. Be- 
yond a certain point when the input fre- 
quency becomes too high, the system can- 
not follow the command. The range of 
frequencies that the system can follow ts 
called the bandwidth of the system. 


For the system with open-loop transfer 
function G(s), the closed-loop transfer func- 
tion F(s) is given by: 


G(s) 


7+Gls) (4.4.6) 


F(s) = 


Now, if we substitute s = jw and plot the 
absolute value of F(jw) in dB versus the 
frequency f = w/2z7 in logarithmic scale, we 
find that |F(jw)|yp = 0 for a certain range 
of frequencies before dropping down, as 
shown in Fig. 4.4.3. 


The bandwidth (or the break frequency) of 
a system, fh. is defined as the frequency 
where |F(jw)| = 1/4/ 2 = 0.707 or, equiva- 
lently, where: 


IF (jo) lgg = — 3 dB (4.4.7) 


Fig. 4.4.3. Bode plot illustrating the system band- 
width. 


The bandwidth of a servo system varies 
according to the components and the need. 
In general, velocity control systems using 
moving coil motors can reach a bandwidth 
of 600 Hz and more. Position control sys- 
tems are more limited in general and could 
reach a bandwidth of about 200 Hz. 


4.4.3. EFFECT OF TORSIONAL RESONANCE 


In most servo systems, the open loop trans- 
fer function includes complex poles. As 
long as these poles are far enough from the 
imaginary axis, they do not pose a special 
problem. However, it becomes more and 
more difficult to compensate the system for 
complex poles as they come closer to the 
imaginary axis. A typical source for those 
poles is the effect of torsional resonance 
of the load-motor-tachometer combination 
(see section 2.3.4), and it is highly desirable 
to reduce the effect of those poles. 


since it is impossible to eliminate the effect 
of resonance completely, it is desirable to 
be able to measure or express quantitatively 
the effect of resonance, or the sensitivity of 
the system to sinusoidal inputs at the 
resonance frequency. 
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A simple way to describe the resonance 
effect is by observing the system response 
to sinusoidal input signals at various fre- 
quencies. The ratio of the response am- 
plitude to the amplitude of the input signal 
indicates the closedtoop gain, or sensitivity 
of the system at various frequencies. 


A typical frequency response is shown in 
Fig. 4.4.4, where it can be seen that the 
effect of resonance is represented by the 
peak at the frequency f,. 


It is desirable that the amplitude of the 
peak at f, is kept as low as possible to reduce 


4-30 


Fig. 4.4.4. Bode plot showing resonance point. 


the effect of resonance. A good indication 
of the system sensitivity at resonance is the 
height of this peak, which could be de- 
scribed as the absolute value of system gain 
or in decibels. 

D 


4.5. SERVO AMPLIFIERS 


The discussion of amplifiers in Chapter 3 
centered around the speed control systems 
Operating in the ‘first quadrant’. We will 
now describe the true servo amplifiers, 
capable of providing positive and negative 
output voltages or currents, and thus being 
able to operate in four quadrants. 


Again, we can classify the amplifiers into 
three categories: the linear transistor am- 
plifiers, the SCR amplifiers, and the switch- 
ing amplifiers. The following paragraphs 
describe them in detail. 


4.5.1. LINEAR AMPLIFIERS 


Transistor servo amplifiers are characterized 
by two principal output stage designs, the 
“H"™ and “TT” type basic configurations, 
as shown in Figs. 4.5.1 and 4.5.2. The ““H” 
or bridge output stage consists of four 
transistors using a single DC power supply. 
This output stage has the advantage of a 
simple, unipolar power supply and some 
sharing of voltage protection between the 
transistors. However, it is not easy to drive 
in linear cases, and current and voltage 
feedback is not easy to achieve, since the 
motor is “floating”. 


The ““T’ stage needs two power supplies 
and complementary transistors, but is easy 
to drive and can supply voltage and current 
_ feedback signals in a simple fashion. For 
this reason the ‘’T” is used most often in 
linear amplifiers. The biasing of the out- 
put transistors requires careful attention, 


Fig. 4.5.1. “H” type output stage (one power 
supply required). 
since a simultaneous conduction of both 
transistors would result in a short circuit 
between the two power supplies. 


+DC 


Fig. 4.5.2. “T’’ type output stage (two power sup- 

plies required). 
The input-output characteristics of the out-. 
put stage will generally have some dead 
zone - an undesirable feature from linear 
feedback point of view. Negative feedback 
around the amplifier will generally reduce 
such nonlinearity tosa negligible amount. 
In cases where the linear amplifier will be 
used ina ‘‘bang bang” mode, the dead zone 
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is of no primary consequence, since the 
amplifier will be used only in its conducting 
or nonconducting state. 


The primary limitations on the output 
power handling capacity of the linear am- 
plifier are the thermal characteristics of its 
output state. Since power dissipation of 
the output stage is the product of current 
and voltage across the transistors, the tran- 
sistor and its associated heat sink assembly 
must be capable of dissipating this heat. In 
addition, the designer has to consider the 
secondary breakdown characteristics of the 
transistor, which will limit peak current 
time duration at given voltage levels, in 
order to ensure that such limits are not 
~exceeded. Since amplifiers discussed in this 
book are designed to drive servomotors, 
which have a small electrical impedance, it 
is easy to envision situations in which an 
amplifier could be easily overloaded under 
conditions of stall or excessive torque. For 
this reason, current limiting circuits are 
generally found useful in servo amplifiers 
to prevent amplifier breakdown or blown 
fuses. 


In some instances where high peak acceler- 
ation currents are needed with protection 
for prolonged current overload conditions, 
two-stage current limiters are used where 
the first current limit may be set at a high 
level with a time limit of a fraction of a 
second, after which a lower sustaining cur- 
rent limit will be brought into action. Such 
a circuit will not only protect the amplifier 
Output stage, but also may prevent the 
motor from accidental destructive overload. 
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4.5.2. SCR AMPLIFIERS 


In the last decade, the bidirectional SCR 
amplifier has found increasing use for servo 
circuits handling bandwidths up to 30 Hz. 
To achieve these bandwidths, a two-phase 
or three-phase power supply is generally 
used. Such systems are used to drive from 
one to five horsepower servo motors for the 
machine tool industry. 


Just as in the case of the single quadrant 
amplifiers described in Chapter 3, close 
attention must be given to the form factor 
of the amplifier and its influence on the 
servo motor heating. 


4.5.3. SWITCHING AMPLIFIERS 
Introduction 


A switching amplifier is perhaps the most 
versatile and popular servo amplifier today. 
With power transistors available which can 
switch in the MHz region, it is now easy to 
design power switching amplifiers capable 
of handling square wave switching rates of 
50 kHz. This enables the servo designer to 
achieve amplifier bandwidths on the order 
of several kHz. 


Power dissipation in such an amplifier is 
caused by two elements: the output 
transistor forward voltage drop, which may 
be on the order of 1 to 2 V; and the finite 
transition time from one polarity to the 
other. The latter effect is especially promi- 
nent in amplifiers with high switching 
rates, where the transition time may be a 


significant portion of the total switching 
time. Therefore, while a high switching rate 
may seem desirable for optimum bandwidth, 
the switching rate may be tempered by the 
practical effect of output stage power 
dissipation. 


Amplifier switching may be done in various 
ways. One can change either the switching 
frequency or the duty cycle, or both. The 
net result, however, has to be that the 
average value of the output voltage is pro- 
portional to the command. The most 
common method of amplifier switching is 
the pulse width modulation (PWM). Here 
the transistors are switched at a constant 
frequency and the resulting output voltage 
varies between the two extreme values. By 
varying the pulse width, or the duty cycle, 
the average value of the output voltage 
can be changed in accordance with the 
desired drive. Such output voltage is 
illustrated in Fig. 4.5.3. 


(a) t 


—— 
(b) t 

—— > 
(c) t 

oneaeD 


Fig. 4.5.3. Output voltage of PWM Amplifier. 
The output voltage may have zero average (a), 
positive average (b), or negative average (c). 


This modulation method is described in 
detail in the following section. 


PWM Amplifiers 


A switching amplifier may be of an “H” or 
‘“‘T'’ type, as is the case for linear amplifiers. 
The main advantage of the ““H” type is that 
only one power supply is needed. The 
main disadvantage is that the motor voltage 
is floating and it is more difficult to sense 
its current for constructing a current feed- 
back circuit. It appears that the advantages 
outweigh the disadvantages and the “H” 
type is the more common form, especially 
when high voltage is required. 


A circuit diagram of an “‘H” type PWM 
amplifier is shown in Fig. 4.5.4. 


+V 


Fig. 4.5.4. “H” type PWM amplifier. 
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The transistors of the circuit in Fig. 4.5.4 
can be switched in various sequences to 
provide the desired voltage polarity. We 
will discuss the two common modes: the 
bipolar and the unipolar drive methods. 


The bipolar drive is characterized by the 
fact that the transistors are turned on in 
pairs. When we want a positive current we 
turn on both Q 4 and Qgq. Whereas, for 
negative current, we turn on Q9 and QO3. 
By alternatively switching between the 
two pairs we can control the current. The 
combination of switching on one pair of 
transistors at a time provides a motor 
voltage that varies between +Vs and —Vs, 
with an average value which is dependent 
on the duty cycle. 


The bipolar drive method has a limitation, 
however. When a pair of transistors is turned 
off, it takes a finite time for the transistors 
to get to the off state. Therefore, we must 
allow for some time delay between the 
turning off of one pair and the turning on 
of the other pair. This time delay, which 
approximates 5uys, limits the switching 
frequency to approximately 20 kHz. 


In order to eliminate the need for the time 
delay, a different switching scheme was 
devised. This is the unipolar drive method. 
Here, as long as the desired current is posi- 
tive, Q_ is turned on and Qzg is periodically 
switched on and off to regulate the current. 


The two drive methods are described in de- 
tail in the following discussion. 
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Bipolar Drive 


In bipolar drive, the switching period, T, 


is divided into three phases: phase a, phase 
b and the delay phase. These phases are 
shown in Fig. 4.5.5. 


Phase a Delay Phase b Delay 
T T Ls T 


a ce] 


time 
T 


Fig. 4.5.5. The phases of the switching period. 


The phases are defined as follows: 


phase a: Q,,Q4 On 
Q2, 03 Off 
phase b: Q2, O3 On 


Q1, Q4 Off 
Delay phase: 07, Q2,03,Qq4 Off 


Accordingly, the output voltage during 
phases a and b is: 


Vin, during phase a (4.5.1.) 
and 
Vm = —V, during phase b (4.5.2) 


During the delay phase the voltage is 
determined by the circuit equation which 
requires continuity of the current. The 
current will continue its flow through the 
motor and the freewheeling diodes. 


In order to analyze the motor voltage 
during the delay phase, recall the circuit 
equation for the DC motor: 

d 


Vin TH+ LSet Ke w (4.5.3) 


Now assume that the current | is positive. 
When all four transistors are turned off the 
motor current will flow through the diodes 
D, and Dg. If we ignore the forward drop 
voltage of the diodes, we may conclude that: 


V_, =—V, for I>0 and delay phase (4.5.4) 


Similarly, if the motor current is negative, 
it will flow through D, and Dy, resulting: 


V,, =+V, for |<Oand delay phase (4.5.5) 


Finally, if the motor current is zero during 
the delay phase, no current will flow 
through the diodes and the motor voltage 
becomes: 


V,, = Kew for I=0 and delay phase (4.5.6) 


Typical examples of voltage and currents 
of the bipolar amplifier are shown in 
Figs. 4.5.6 and 4.5.7. The condition where 
the current equals zero for a finite time, as 
illustrated in Fig. 4.5.7, is Known as current 
discontinuity. 


| 
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Fig. 4.5.6. Continuous current mode. 
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Fig. 4.5.7. Current and voltage during discon- 
tinuous mode. 


The current discontinuities are not common 
and occur only when the current is small. 
The effect of the current discontinuities is 
to cause nonlinearities in the amplifier 
transfer function. However, these non- 
linearities can be minimized, as will be 
shown later, by the use of current feedback. 
In the following discussion we will limit 
ourselves to the continuous current case. 
The interested reader may find a detailed 
analysis of the discontinuous case in [4-7]. 


In order to analyze systems which use PWM 
amplifiers, we need to develop a mathe- 
matical model for the amplifier and the 
motor. We will divide the model into two 
elements, as illustrated in Fig. 4.5.8. 


Fig. 4.5.8. Two element model of the PWM 
amplifier. 


4-35 


The input to the model, V,_, is the com- 
mand signal; the output of the first element 
is T,, the duration of phase a, and the 


overall output is V_., the motor voltage. 


Since V__ is a switching voltage, we can 
describe it by a Fourier series asa DC term 
and harmonics. However, since the switching 
frequency is much beyond the bandwidth 
of the motor (and preferably beyond all 
resonances), the contribution of those 
harmonics is zero. Therefore, they can be 
ignored, and we may consider the average 
value of V_, as the output of the model. 


In order to analyze the first element of the 
model, consider the circuit that performs 
this function. Such a circuit is shown in 
Fig. 4.5.9. 


Comparator with 
dead band 


Fig. 4.5.9. Phase Generating Circuit. 


The circuit consists of a comparator with 
a deadband and an input element that sums 
V;, with a triangular waveform S(t). When 
the combined input is above a threshold, 
phase a is chosen. When the combined 
input is below a negative threshold, phase b 
is chosen and finally, when the input is 
within the deadband, the delay phase is 
selected. Accordingly, the times T, and T,, 
are given by 
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—T_ +KV. (4.5.7) 


_T 
Th =a —T, —KV, (4.5.8) 


Note that the constant K has a unit of time 
over voltage. K is given by 
T 


where AS is the peak-to-peak magnitude of 
S(t). In order to complete the model, define 
the time t, as the time interval during which 
the output voltage equals Ve: Accordingly, 


T for I>0 
for 1<0 (4.5.10) 


t, = T,+T,—T, Sgn (1) (4.5.11) 


The average value of the output voltage 
equals 


+ ae —_ Vt, is V(T—t,) 
T T 
= 2V,ty _v, (4.5.12) 
T 


The complete model of the amplifier is 
now illustrated in Fig. 4.5.10. 


The model of Fig. 4.5.10 is a complete 
one and therefore it is suitable for detailed 
analysis or simulation of the system. 


T/2 


T, Sgni(1) Ns 


Fig. 4.5.10. Mathematical model of PWM bipolar amplifier. 


However, for a linearized analysis we may 
ignore constant inputs. If we further 
ignore T,, we may simplify the model 


2KV 
= SV. (4.5.13) 


m T in 


V 


This simplified model is illustrated in 
Fig. 4.5.11. 


: V 
Vin 2KVs m 
T 


Fig. 4.5.11. Simplified model of PWM _ bipolar 
amplifier. 


Next we will investigate the dependence 
of the current variations on the motor and 
the amplifier parameters. For simplicity, 
assume that the motor velocity is constant 
and that the amplifier is in a steady state. 
Furthermore, assume that the motor 
velocity, w, does not vary during one 
switching cycle because the switching 
frequency is too high. Also assume that 
the variations in the term I, are not signi- 
ficant and can be ignored. 


Next define I, and V, as: 


, T 
I, = I(t) dt (4.5.14) 
and 
Vi =rl,+Kp w (4.5.15) 


Now recall the circuit equation for the 
motor (4.5.3), and approximate the term 
rl by rl. This simplifies the equation to: 


di _ 
rr Ve Ve. (4.5.16) 
This simplified equation has a triangular 


waveform solution, instead of the ex- 
ponential solution of (4.5.3). 


The peak-to-peak variation of the motor 
current during t, is: 


_V,=V 


| ty (4.5.17) 


However, the total current variation in 
One period is zero. 


V.-V V+V 
S a ty _ Ss 4(T—t,) =0 
L L 


(4.5.18) 
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Equation 4.5.18 can be manipulated to 
form: | 


_,, 24 4 
V,=V, (et = 1) (4.5.19) 


When this is substituted in 4.5.17 it results 
in: 


2V.T t t 
- S_,._1(4_ 11 


The quantity Al depends on t,. It reaches 
its maximum when t, = T/2. That maximum 
value equals 


AL... =? | (4.5.21) 


max 2 L 


Next, we repeat the analysis for the uni- 
polar drive amplifier. 


Unipolar Drive 


The switching amplifier selects phase 
a when the input command is positive. 
Conversly, when V, <0, phase b is selected. 
The two phases are further divided into 
the on and off intervals which are defined 
as the conditions: 


phase a —on Q, Q, on 
(T,) OQ, Q, off 
phase a — off Q, | on 


(T,,)  Q5 Q, Qy off 


similarly, 
phase b —on Q, Q, on 
phase b — off OQ, on 


(T,,) Q, Q, Q, off 
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Since the operation is symmetric for the 
two phases, it is sufficient to analyze 
one only. We will study the case where 
V,70, and phase a is selected. 


The motor voltage during the on interval 
is given by: 


Vim = V, for phase a — on (4.5.22) 


During the off interval, the three pos- 
sibilities exist. If the current is positive, 
it will continue its flow through Q, and 
Q., resulting in zero voltage. 


V. = 0 for phase a — off and I>0 


m 


(4.5.23) 


lf the current | is negative, which may 
occur after changes in V,,, the current 
will flow through Q, and Q,. This results 


In: 


Vin = V, for phase a — off and I<0 


m 


(4.5.24) 


Notice that this implies that the motor 
voltage remains constant at V, until the 
negative current increases to zero. 


Finally, if the motor current is zero, it 
will remain so during the off interval. 
This results in a motor voltage of: 


Vin = Ke w for phase a — off and | 


m 


= 0 (4.5.25) 


Examples of the voltage and current wave- 
forms are shown in Fig. 4.5.12 and Fig. 
4.5.13. 


Next we will derive the mathematical 
model of this amplifier. The duration 
of the on interval is proportional to the 
command signal 


T.=KV. (4.5.26) 
where K is given by Eq. (4.5.9). 


Phase T, Tao T 
{ 
| 1 | I 
| | l 


Voltage f | ff [. 


Current l | | r 


Fig. 4.5.12. Voltage and current waveforms for 
unipolar PWM amplifier. . 
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| | 
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Fig. 4.5.13. Voltage and current waveforms for 
unipolar PWM amplifier in the discontinuous 
current mode. 


In deriving the model we consider the 
common case where I>0 during phase a. 
In this case the voltage is given by: 


7 V, for phase a — on 


Vin “0 for phase a — off (4.5.27) 
and the average voltage is: 
VT 
es — (4.5.28) 


The resulting model for the amplifier is 
therefore: 


Vi == V. (4.5.29) 


Next we will derive the magnitude of the 
current variations. Consider the simplified 
motor equation (4.5.16) in which the 
motor voltage is given by Eq. (4.5.27). 
The current variation is given by: 


V.-V 
=— aT (4.5.30) 


Al= 74 T, 


However, since the total current variation 
during one period is zero, we obtain: 


V.-V V 
——— a 1554 (Tp 8 (4.5.31) 
or 
VT 
V_= 7 a (4.5.32) 


Now substitute (4.5.32) in (4.5.30) to. 
obtain: 


Al = ce ( — *) + (4.5.33) 
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The current variation is maximized when 


T, = 1/2. The resulting current variation 
is: | | 
_V,T | 
Al ax =- (4.5.34) 


Self Oscillating Amplifiers 


In the previous discussion it was assumed 


that the triangular waveforms _ signal, 
S(t), is generated externally and that its 
frequency is constant. Therefore, the 


switching frequency of the PWM amplifier 
is constant. Although this is the case in 
most systems, there are still amplifiers 
which are built to be self oscillating. 


Self oscillating amplifiers generate the 
signal S(t) internally. An example of such 


Vy 
comparator 


“© 


dead 
zone 


generator 


low-pass 
filter 


an amplifier is shown in Fig. 4.5.14. 
In order to be specific, the circuit and the 
following discussion are limited to bipolar 
PWM amplifiers. 

the following 


The amplifier includes 


components: 


Comparator — | 
High gain amplifier with positive feedback. 
This results in a hysteresis, as shown in 
Fig. 4.5.15. The output of the comparator 
is either Vn OF AV aco: 


The comparator. is followed by a dead-zone 
generator. This element is necessary in 
bipolar amplifiers to guarantee that one 
set of transistors is turned completely 
off before the other set is turned on. 


Vo 


driver motor 


Fig. 4.3.14. Self oscillating PWM amplifier. Note that the amplifier may use current feedback or delayed voltage feedback. 
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Fig. 4.5.15. Hysteresis effect in comparator. 


The dead-zone may be generated in several 
ways. An example of such a circuit is 
shown in Fig. 4.5.16. 


low-pass relay with 
comparator filter dead band 


e Vy , Vi V2 
sttT 


Fig. 4.5.16. Dead zone generator. 


The relationships between the signals in 
the dead-zone generation circuit is shown 
in Fig. 4.5.17. 


The signal V, is later applied to the driver. 
According to the described operation of 
bipolar PWM amplifiers, the switching 
period has 3 phases: phase a, phase b 
and the delay phase. 


The feedback can be either the motor 
current or the delayed voltage. In the 
case of current feedback, there is a need 
for a differential amplifier to sense the 
motor current. The voltage sensing can be 


Fig. 4.5.17. Relationships between variables in 
the dead-zone generations circuit. 


simplified as it is sufficient to measure 
the voltage on one side of the motor. 


In the case of motor voltage feedback the 
voltage is applied to a low-pass filter and 
the filter output is the desired waveform 
S(t). 


It is clear that in a self-oscillating amplifier 
the switching frequency is a_ function 
of the parameters of the motor and the 
amplifier. Moreover, the switching fre- 
quency depends on the motor current and 
velocity. As a consequence, the switching 
frequency will vary with the motor velocity. 
This feature is undesirable as it may cause 
the switching frequency to coincide with 
resonance modes of the motor. 


Next we will consider the mathematical 
model of the amplifier with feedback. 
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Amplifier Transfer Function 


In the previous discussion we derived a 
simplified model for the PWM amplifier. 
It was indicated that the delay phase 
introduces nonlinearities to the system and 
that those nonlinearities are minimized 
with feedback. Now we will discuss the 
effect of the feedback on the aE 
transfer function. 


Let the amplifiers open-loop nonlinear 
relationship between input and output 
voltages be N(e). If we use voltage feedback 
we obtain a system as shown in Fig. 4.5.18. 


Fig. 4.5.18. PWM amplifier with voltage feedback. 


The overall transfer function is given by: 


Vv, _ N(e) 


m 


V... 1+F(s)Nie) (4.5.35) 


in 


If the open loop gain is sufficiently high, 
within the system bandwidth, 


N(e)F(s)>1 (4.5.36) 


we can ignore the term 1 in the denomina- 
tor of Eq. (4.5.35), leading to the simplified 
expression: 


V1 
Vi, Fs) (4.5.37) 


Since F(s) is a low-pass filter, the net 
result of Eq. (4.5.37) is to provide phase 
lead in the loop. 


Next we consider the effect of current 
feedback on the transfer function. The 
mathematical model in this case is more 
complex, as shown in Fig. 4.5.19. 


Fig. 4.5.19. Block diagram of a switching amplifier and a motor. 
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The system components may be represented 
by their transfer functions, as shown in 
Fig. 4.5.19. The comparator and the driver 
are nonlinear elements and their output 
depends on the input signal e. It is assumed 
here that N(e) is a describing function 
which represents their behavior. 


The motor impedance is considered to be 
a resistance R and an inductance L,. The 
inductance L, includes the internal and the 
external parts. 


The element Kp, represents the back emf 
voltage in the motor and a is the current 
feedback. The transfer function of the 
system is given by: 


K 
1 T 
N(e) : 
«o(s) sL,+R SJ 
Vin (8) 1 1 Ky 
a Ea: |, ae 
WNC) TSR SLR ST Ke 
(4.5.38) 
or 
w(s) _ N(e) Ky 
V,,(s) (sL, +R)sJ+N(e)asJ+K, K+ 
(4.5.39) 


In most cases, the amplifier gain is very 
high and N(e) is very large. Under those 
conditions, the transfer function may be 
approximated by: 


K 
limit _2_(s) =__! 
N(e)** V., asJ 


(4.5.40) 


The simplified transfer function is re- 
presented by a block diagram in Fig. 
4.5.20. The interpretation of this simplified 
model is that due to high forward gain 
in the switching amplifier, its response is 
determined by the feedback. In this case, 
the amplifier becomes a current amplifier, 
and for such a source, the transfer function 
of the motor is simplified considerably 
(see 4.2.8). 


Fig. 4.5.20. Block diagram of simplified transfer 
function model for switching amplifier and motor. 


It can be seen how one can alter this 
transfer function by changing the current 
feedback. If a dynamic element with a 
transfer function a(s) is used, the transfer 
function becomes: 


os) = 1 su (4.5.41) 
V. (s)  a(s) sJ 


Thus, all the poles of a(s) become zeros 
of the transfer function and vice versa. 


The model of (4.5.41) may be used to 
analyze the behavior of the amplifier 
and the motor as parts of a larger system. 
It is useful in analyzing system stability, 
bandwidth, and other general character- 
istics. However, it cannot describe the 
unique characteristics of a switching 
amplifier, and for those we have a special 
discussion below. 
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Power Dissipation in the Motor 


A switching amplifier considerably reduces 
the dissipation in the amplifier by turning 
the transistors completely “on’’ or com- 
pletely “off”. However, the amplifier 
switching may adversely affect the power 
- dissipation in the motor, due to the current 
ripples. The additional power losses in the 
motor and their dependence on the system 
parameters are described below. 


The power dissipation in the motor can be 
divided into two major elements: the 
dissipation in the winding and the dis- 
sipation in the core. 


P dissipation Z a * P. (5.4.42) 
We start by considering the effect of 
switching on the dissipation in the winding. 
Note that the dissipation in the winding 
is given by 


P= 12(t)R (5.4.43) 


where R is the armature resistance. When 
switching frequencies are much_ higher 
than 10KHz, one should consider the 
ac resistance of the armature which is 
greater than R. However, in this discussion 
it is assumed that the dc resistance is a 
correct representation. In the case of 
PWM amplifiers the current is given by 


1, = 1+ S(t) (5.4.44) 


where S(t) is a triangular current with 
peak-to-peak variations of Al amperes. 
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Assume that the current |! is constant 
over one switching period. The average 
power dissipation in the motor winding 
IS 

T T 
1 i2 Rdt=1/ [14+S(t)]2 Rdt = 
Le . T, 

T T 

RI2 tJ RIS(t)dt +1y RS2(t) dt = 


Oo oO 


2 
RI? —_ (5.4.45) 


Note that the power dissipation has two 
parts: the first term, I2R, is the dissipation 
in the motor regardless of the switching. 
The second, Ral’, is the additional dis- 


sipation due to the switching. Note that 
this quantity is fairly small. We may 
therefore conclude that the _ switching 
does not significantly affect the power 
dissipation in the winding. | 


Core losses, on the other hand, are signi- 
ficantly affected by the amplifier switching. 
The main components of the core losses 
are the eddy current and the hysteresis 
losses. The hysteresis losses are equal 


P, = K,f.Br'® (5.4.46) 


where K, is a constant, f, is the switching 
frequency and Ba is the incremental 
flux density corresponding to a change of 
current of Al. The eddy current losses on 
the other hand, are given by 


7 2p 2 
= Kof, Ba 
p 


Pp 


e 


(5.4.47) 


where K, is a different constant and p 
is the resistivity of the material. 


It can be seen that both the hysteresis 
and the eddy current losses increase with 
the switching frequency and with the 
magnitude of the current ripple. 


The hysteresis losses are found in ferro- 
magnetic materials whereas the eddy 
current losses can affect any electrically- 
conductive material. The primary areas 
in dc motors where significant core losses 
may occur are the stator laminations and 
magnetic material with low resistivity, 
such as Alnico and Rare Earth materials. 
Ceramic magnets, on the other hand, due 
to their high resistivity, are totally un- 
affected by the current ripple. 


The Selection of the Switching Frequency 


The switching frequency, f,, is probably 
the most important parameter in the 
design of PWM amplifiers. The following 
discussion provides guidelines for selecting 
f,. 
The switching rate must be high enough 
so that the servo system does not respond 
to it. Thus, if the motion requirements 
are such that a bandwidth faw is needed, 
one should select 


f, > 10f ay (5.4.48) 


The switching frequency must also be 
above all the significant resonance fre- 
quencies of the loop. 

f, > f resonance (5.4.49) 
On the other hand, the switching period 
should be much longer than the transistor 
switching delay time Ty: Otherwise, 
the amplifier may have significant non- 
linearities. Thus, 


f.< 10 (5.4.50) 
Ty 


Having established upper and lower limits 
for f., we can proceed to select f. which 
will minimize the losses. 


The power dissipation in the amplifier 
transistors is directly proportional to 
f.. Therefore, in order to minimize those 
losses, we need to select f. as small as 


possible. 


The switching frequency affects the core 
losses in two ways: first, it affects the 
hysteresis losses and the eddy current 
losses through the term f, in Eqs. (5.4.46) 
and (5.4.47). The switching frequency also 
affects the current variations, Al, recipro- 
cally, and this has an opposite effect on 
the losses. The total effect of f, on the 
core losses is dependent on the particular 
motor. Thus, there are reasons to increase 
1 and others to decrease it. The final 
selection is a compromise between those 
contradicting conditions. 0 
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4.6. DIGITAL CONTROL AND PHASE- 
LOCKED SYSTEMS 


4.6.1. INTRODUCTION 


A digital control system is a system in 
which at least one of the elements in the 
control loop is a digital component. Such 
digital components may be either a micro- 
processor or a digital circuit. They can also 
be optical. encoders, magnetic position 
sensors and others. 


The use of digital components as controllers 
or as sensors improves the system perfor- 
mance by allowing more flexibility in the 
design. It also makes the system less sus- 
ceptible to drift due to parameter changes. 
On the other hand, the addition of digital 
components to the control loop poses a 
challenge due to the added difficulty in 
design and analysis. 


The main problem with digital control sys- 
tems is that when applying the control 
signals at discrete times, one creates the 
effect of time delay in the control loop. This 
has an adverse effect on the system stability. 


A second problem with digital control 
systems is that they cannot be analyzed 
by the methods of Laplace transform and 


frequency-domain. Instead, they require 
different tools for analysis as discussed 
below. 


4.6.2. DIGITAL CONTROL SYSTEMS 


A typical digital control system is shown in 
Figure 4.6.1. In general, the system has 
analog elements, such as the motor and the 
amplifier, and digital elements, such as the 
controller. The system also has a third type 
of element — that needed to convert the 
signal from analog to digital form and 
vice-versa. 


The motor and the amplifier are repre- 
sented by the transfer functions M(s) and 
A(s) respectively. Although the amplifier 
may be a switching element, as long as the 
switching frequency is much higher than 
the system bandwidth, the continuous 
representation is valid. 


The digital controller processes the signal 
in a digital form and outputs a digital 
signal at discrete times. In order to inter- 
face this output signal with the analog 
element, there must be an analog-digital 
converter (ADC) and a hold circuit to hold 
the output constant between samplings. 
Such an element is the zero-order-hold 
(ZOH) circuit which is shown in Fig. 
4.6.1. 


iy f igi g h V V Ww 
Digital 1 2 
+ €3) T Controller T ZOH _ DAC A(s) 


Fig. 4.6.1. Block diagram representation of a digital control system. 


4-46 


On the input end of the digital controller 
we need to perform the opposite con- 
version. Here an analog signal has to be 
converted to a digital form by a digital- 
analog converter (DAC). Quite often the 
conversion from analog to digital form 
can be done by the position sensor. For 
example, an optical encoder quantizes 
the position and outputs the signal in a 
digital form which can be directly applied 
to a digital controller with no additional 
conversion. The two samplers at the input 
and the output of the digital controller 
are internal to the controller. 


To better explain the operation of the 
digital control loop, consider the mathe- 
matical relationship between the variables 
in the loop: 


Start with the error signal, e, which is 
the difference between the input and 
the feedback. e is a continuous function 
of the time, e(t). The error signal, e, is 
applied to a DAC and the resulting output 
is f(t). There are two differences between 
e(t) and f(t). First, f(t) is quantized. It 
can assume a finite number of values 
according to the number of bits by which 
it is represented. For example, if f(t) is 
represented by 8 bits, it can have 256 
discrete values. On the other hand, e(t) 
is a continuous signal and can have an 
infinite number of values. 


The second difference between e(t) and 
f(t) is in their form. e(t) is represented 
by one signal which can very continuously 
over some range, whereas f(t) is represented 


by several digital signals according to some 
code. Although this difference is very 
significant for the circuit, it makes no 
difference mathematically. Therefore, ex- 
cept for the quantization process, which 
becomes significant under some conditions, 
the ADC has no effect on the signal and 
therefore, can be mathematically ignored. 


The digital controller inputs the signal 
f(t). It samples it at a sampling period of 
T, to form the sequence f(0), f(T), f((2T) ... 
This sequence is processed by the control- 
ler which then generates a new sequence 
g(0), g(T), g(2T) . . . The g(kT) sequence 
is the output of the digital controller. 


The sequence g(kT) is applied to a ZOH 
circuit which generates the function 
h(t) as follows: 


h(t) = g(kT) for kT <t <(k+1)T 


(4.6.1) 


The signal h(t) is then applied to a DAC. 
This element only changes the form of 
representation of the signal. From the 
digital form of h(t), it is converted to an 
analog form V,(t). Mathematically, the 
transfer function of the DAC equals 1. 


Finally, the voltage V, is applied to the 
amplifier and the amplified output is 
applied, in turn, to the motor. The ampli- 
fier and the motor are linear, continuous 
elements and their behavior was described 
in detail previously. 
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The digital controller may be a micro- 
processor or a dedicated digital circuit 
which was built for the particular applica- 
tion. The advantages of a microprocessor 
are its flexibility and its low cost avail- 
ability. The main disadvantage is the 
computation time. Complex operations 
involving multiplication and division may 
be performed much faster by a dedicated 
circuit. 


The system shown in Fig. 4.6.1 is the 
simplest one. It often involves additional 
elements such as internal loops or feed- 
forward branches, as shown in Fig. 4.6.2. 
However, the basic principles of both 
systems are the same. 


4.6.3. SYSTEM ANALYSIS 


The first step in the analysis of digital 
control systems is to classify all the loop 
components as analog or digital elements. 
Analog elements include the motor, ampli- 
fier, tachometer and potentiometer. The 


feedforward 
input 
als 6 ADC 
+ T 


_ Digital 
Controller ‘ 


EJ pa 
+ 


digital elements include a digital controller, 


a shaft encoder with digital output and 
other digital circuits in the loop. 


After considering the elements, we can 
focus on the way in which the signal is 
converted. The conversion from analog to 
digital may have an effect in analyzing 
special stability conditions at low veloci- 
ties, however, in most cases, this can be 
ignored. The conversion from digital to 
analog, however, is the key to analyzing 
the system. 


To understand this critical point recall 
Fig. 4.6.1 and note that the output of the 
digital controller is a sequence of points 
g(kT). Such a sequence of points cannot 
drive an analog device. An analog device 
needs an input function h(t) that has a 
non-zero integral. As a result, all digital 
control systems have some way of con- 
verting the sequence g(kT) to a function 
h(t) with non-zero integrals. 


The most common way for generating 
h(t) is by a ZOH circuit, as given by Eq. 


pe 7 


Fig. 4.6.2. Multi-loop digital control system. 
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(4.6.1). However, there are other forms. 
One common way, which results from 
methods of linearization, is to multiply 
the sequence g(kT) by a sequence of 
impulses, thereby generating h(t). Since 
these are the two most common methods 
for generating h(t), we will focus on them. 


The next step is to describe the system 
by its block diagram form. We group all 
the analog components together to form 
H(s). Similarly, we group all the digital 
elements into one component. Now we 
find that the system may be represented in 
the form of Fig. 4.6.3 or Fig. 4.6.4, accord- 
ing to the process of generating h(t). 


The next question to consider concerns 
the sampling times. If the sampling period 
is constant, the system is said to be a 
sampled-data system and it can be analyzed 
by the Z transform method. 


Often the sampling time depends on the 
motor position. For example, when the 
position information is updated by an 
optical encoder, the sampling times depend 
on the motor velocity and don’t necessarily 
occur at constant intervals. In this case 
one has to be cautious in stating the 


uae oe ee Digital 
a: T Controller 


conditions that will lead to constant 
sampling frequency. An example for such 
conditions is given in the following dis- 
cussion on instability at low velocities. 


If the assumption of constant sampling 
rate cannot be justified, the Z transform 
method is not valid and one has to resort 
to simulation for analysis. 


Next we present a simple, straightforward 
method for stability analysis of systems 
which can be represented in the form of 
Figs 4.6.3 or 4.6.4. 


Systems with ZOH 


When a digital control system is in the form 
of Fig. 4.6.3, it can be analyzed using the Z 
transform method. The method is similar 
to the Laplace transform method except 
that it is designed for digital systems. 


We start by defining the Z transform. A | 


sequence f(k) is transformed to the func- 
tion F(z) by the equation 


F(z)=Z{f(k)} = 2a fllede' (4.6.2) 


g(k) 
a ZOH Pi DAC H(s) 


Fig. 4.6.3. Digital control system with ZOH. 
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Fig. 4.6.4. Digital control system with impulse 
multiplier. 


For example, if the f(k) sequence is 


f(k): {1, —1, 1,0,0....} (4.6.3) 
the F(z) is | 
F(z) =1—z7! +272 (4.6.4) 


A detailed description of the Z transform 
method can be found in numerous text- 
books such as [4-16] and [4-17]. 


One of the most important properties of 
the Z transform is the shifting property. 
It states that if F(z) is the Z transform of 
the sequence f(k) 


Z {f(k)} = F(z) (4.6.5) 


then the Z transform of the shifted sequence 
f(k-m) is 


Z {f(k-m)} = z7™ F (z) (4.6.6) 


Now we are ready to determine the transfer 
function of a digital controller. Consider 
‘the system shown in Fig. 4.6.3. Suppose 
the controller samples the input function 
f(t) every 100us. During the following 
100us interval, the controller calculates the 
value of the next output, g(kT) as a function 
of the input and previous values of the 
output. For example, let the relationship 
between input and output be 
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g(kT) = f[k—1)T] —0.5f [(k—2)T] 
+ 0.2g[(k—1)T] (4.6.7) 


We can rewrite (4.6.7) as 


g(k)—O.2g(k—1) = f(k—1)—0.5f(k—2) 
(4.6.8) 


Next, we apply the Z transform to Eq 
(4.6.8). Denote the Z transforms of f(k) 
and g(k) by F(z) and G(z) respectively. The 
transform of (4.6.8) then becomes 


G(z)—0.2z~ 1G(z)=z— 1 F(z)—0.52—2 F(z) 
(4.6.9) 


The transfer function D(z) can be written 
as 
G(z)_z~'—0.5z~2 _ z—0.5 


OEE yaggeel eyo 
(4.6.10) 


The transfer function of controllers with 
other different equations is determined ina 
similar manner. Note that the output at 
time kT, g(kT) depends on inputs at 
previous sampling times (k—1)T, etc. This 
is due to the computation time of the 
digital controller. 


Next we will find the digital transfer func- 
tion of the elements shown in Fig. 4.6.5. 


Fig. 4.6.5. Elements of the digital control loop 
with ZOH. 


If we denote the Z transforms of the input 
sequence g(k) and the output sequence 
y(k) by G(z) and Y(z) respectively, the 
transfer function of this subsystem is 


Y(z) 


G(z) (4.6.11) 


E(z) = 


The function E(z) can be found from 
H(s) by the following equation 


E(z) = Z {H(s) and ZOH} 


= (1-271 yz fish (4.6.12) 


Equation (4.6.12) indicates that in order 
to find E(z) we need to divide H(s) by s, 
and then find the Laplace—Z transform 
pair of H(s). This function can be found in 


S 
standard tables, such as Table 4.6.1. 


As an example, consider a system where 


_ 1000 
Then 
H(s) 1000 


~s ~ s(s#1000) (4.6.14) 


From the table we find that 


ais) (11000 ) ,—1 
ay (1—z—1)(1—z— 1 ¢—1000T ) 
(4.6.15) 


and the transfer function E(z), as given by 
(4.6.12) is 


(1—~e—1000T) 5-1 


(4.6.16) 
_7—1¢ —1000T 


E(z) = 


Laplace Time 
Trans- function z-transform 
form F(s) f(t) F(z) 


T22(z+1) 
(z—1) 


z[/Az—aTe?! 4+4—e72"] 
a(z—1) (z—e~ 2!) 
A = (aT—1+e~?!) 


Table 4.6.1. Laplace Z-transform Paris 


Clearly, the transfer function E(z) depends 
on the sampling time T. For a sampling 
time of T=100us, it becomes 


(1-e~91) 2-1 _  0,0952—1 


E(z) = Pass linea 
1—z~1¢-9-1 = 4_0.905z-1 


0.095 


= 70.905 (4.6.17) 


Once the transfer functions of the digital 
and the analog parts are known, we can 
find the overall transfer function and can 
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analyze the system stability. The overall 
system transfer function, which relates the 
input to the output, is 


D(z) E(z) 


Q(z) = Ti) Elz) 


(4.6.18) 


The system characteristic equation which 
determines the loop poles is 


1 + D(z) E(z) =0 (4.6.19) 


All we have to do is solve (4.6.19) and 
determine its roots. If each root is within 
the unit circle, the system is stable. Other- 
wise the system is unstable. For the given 
example we have | 


ioe (06120) 


770.2z z—0.905 


This can be written as 


z>—1.105z2 + 0.276z — 0.0475 = 0 
(4.6.21) 


Eq (4.6.21) has three roots 
Z, = 0.85 
Z53 = 0.125 + j0.76 


Since the magnitude of each one of the 
roots is less than one, the system is stable. 


Systems With Impulse Multiplier 


Systems with impulse multipliers can be 
represented by the block diagram of 
Fig. 4.6.4. The stability analysis of those 
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systems is similar to the one described 
before. We start with the transfer function 
of the digital controller, D(z) using the 
same procedure. The procedure differs 
when we find E(z), the transfer function 
of the rest of the loop. The elements 
included in the remaining section are 


~ shown in Fig. 4.6.6. 


5(kT) 


ro V7 “aii 
AS _— 


Fig. 4.6.6. Elements of the digital control loop 
with impulse multiplier. 


The transfer function E(z) is defined as in 
Eq. (4.6.11). In this case it is found by 


E(z) = Z{H(s)} (4.6.22) 


where E(z) and H(s) are a Laplace Z 
transform pair, as given in Table 4.6.1. 


For example, if 


. 1000 | 
= .6.2 
H(s) =+1000 (4.6.23) 
then 
‘E(z) -1000 (4.6.24) 


412 —1e—1000T 


lf we further assume that the sampling 
period equals 100us, E(z) becomes 


_ 1000z 
E en aaa a ® 
(2) z—0.905 (4.6.25) 


Once D(z) and E(z) are found, the system 
transfer function can be determined by 
Eq. (4.6.18). The loop characteristic 
equation can be written and its roots are 
found. The system is stable if each one of 
its roots is within the complex unit circle. 


The classification of systems into the 
ZOH type or the impulse multiplier type 
is not always simple. As a rule of thumb, 
if the output of the controller is held 
constant during a sampling period, we say 
that a system has a ZOH. In this case the 
magnitude of the output may change 
only at sampling times. 


An_ alternative method to output the 
command of a controller is to pulse-width 
modulate it; the output may be either 
high or low, but the duration of the pulse 
may be controlled by the processor. This 
case fits the impulse multiplier description. 
An example of such a case is given in the 
next section. 


Modified Analysis Method 


The stability analysis method given before 
is limited to determining whether, for a 
given set of parameters, the system is 
stable. This method can be modified to 
allow more flexibility in the analysis. 


Consider the transformation 


Z =m (4.6.26) 


This transforms the inside of the unit circle 
in the z plane to the left half of the w 


plane. As a result we may analyze the 
transformed equation of w by the root 
locus method and other analysis tools of 
continuous systems. As an example con- 
sider a system as in Fig. 4.6.4, with 


_ 10K 
His)= == 4.6.27 
(s) a ( ) 


and let the input equal 1. The digital 
controller is an integrator. It samples the 
input every 10Q0us and adds the input 
to the previous output. Assuming that the 
addition time is much shorter than 100us, 
we may write the difference equation 
for the controller as 


g(kT) = f(kT) + gl[(k—1)T] (4.6.28) 


Now suppose that the controller modulates 
its output as follows: Upon calculating the 
value of the output, g(kT), the controller 
Outputs a signal of magnitude of 5v and a 
duration of g(kT)us. Thus, if g(kT)=2, 
the pulse width is 2us. The controller 
Output is then reduced to zero until the 
next sampling time. 


In this case we can approximate the con- 
troller output by an impulse, but we need 
to determine its weight. Note that the 
control signal in this case is 


5 for kT <t <kT+107 2g(kT) 
h(t) = 
O for kT+10—2g(kT) <t <(k+1)T 
(4.6.29) 
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The integral of h(t) over the interval 
[kT, (k+1)T] is 


(k+1)T 
h(t)dt=5°107%g(kT) (4.6.30) 


kT 


Then, this is equivalent to multiplying 
g(kT) by an impulse of magnitude of 
5°10-3. This factor is represented as 
gain in the loop. The resulting block 
diagram of the loop is given in Fig. 4.6.7. 


The digital controller transfer function 
D(z) can be found from (4.6.28). By 
applying the Z transform we obtain 


G(z) = F(z)+z~ 1G(z) (4.6.31) 
or 
= G(z) = 1 —s 
D(z) ae ee (4.6.32) 


The transfer function of the analog part 
is found from 4.6.27 and Table 4.6.1. 


EZ 10K 
E(z) = 1—-2-1e-27 (4.6.33) 


_ Given a sampling time of 100us, we obtain 


E(z7) = ——¥n 4.6.34 


Finally, to analyze the loop stability, 
we write the characteristic equation 


1 10K 0 


1+0.005 +. = 
1—z~!' 1—0.82z71 


(4.6.35) 
or 


(1+0.05K)z2—1.822+0.82=0 (4.6.36) 


We want to find the range of values of 
K for which the system is stable. Applying 
the transformation (4.6.26) to (4.6.36) 
we obtain 


0.05Kw2+(0.36+0.1K)w+3.24+0.05K=0 
(4.6.37) 


Now we can apply the Routh-Hurwitz 
stability criterion to Eq. (4.6.37). Since 


5(kT) 


Fig. 4.6.7. Block diagram of system in example. 
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(4.6.37) is a second order equation, the 
condition for stability is that all the co- 
efficients must have the same sign. This 
condition is met for all the positive values 
of K, O0<K<%. We may therefore conclude 
that the system is stable for all the positive 
values of K. 


~ Low Speed Stability Analysis 


In digital control systems where the position 
signal is quantized by a position sensor, 
such as optical encoders, the sampling 
interval of the digital controller equals the 
time interval between position pulses. As 
the motor velocity decreases, the encoder 
frequency decreases, resulting in longer 
time intervals between pulses. The longer 
sampling periods usually have adverse 
effects on the system stability. In most 
cases, if the sampling period increases 
above a given value, the system becomes 
unstable. In the following discussion we 
describe, by example, how to analyze the 
instability at low speeds. 


input oy 
+ T 


Consider the system shown in Fig. 4.6.8. 
The digital controller generates its output 
according to the equation 


g(kT) = gl(k—1)T] + 2[(k—1)T] 
(4.6.38) 


This corresponds to a digital transfer 
function of 


D(z) = Giz) = _2_ 4.6.39 
(2) F(z) z—1 \ 
The output is multiplied by an impulse 
function and later is applied to the analog 
element 


K 
H(s) =<470" (4.6.40) 


The sampling period T may vary with 
the velocity. The objective is to determine 
how the parameters T and K affect the 
system stability. 


A necessary assumption to be made is 
that the motor velocity is constant during — 


5 (t) 


H(s) 


Fig. 4.6.8. Block diagram of system in example. 
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a sampling interval. This guarantees that 
the sampling frequency is constant, and 
allows the use of the Z transform method. 


The digital transfer function of the impulse 
multiplier and the analog element can be 
found from Table 4.6.1. 


Y (z) K 
E(z) = —— = —— an 4.6.41 
a G(z) 1—z~'e—19T , | 
Then the loop equation is 
2 Kz 
1+—— ——7z7= =0 4.6.42 
z—1 z—e 107 | 


or 


z2+z(—1 —e- | OT49K)+e—10T =0 
(4.6.42) 


Now apply the transformation (4.6.26) 


to Equation (4.6.42). The result is 


2Kw2+(2—2e— 19T yw4+(2-2K+2e— 10T) 
= '@] 
(4.6.43) 


For stability we require all the coefficients 
of (4.6.43) to have the same sign. For 
positive values of K, the first two co- 
efficients are positive. Therefore, it is 
necessary and sufficient, for stability, to 
require 


2—2K+2e 19T>9 (4.6.44) 


or 
K<1+e- 10T 


4-56 


(4.6.45) | 


Equation 4.6.45 shows how the stability 
depends on K and T. At high sampling 
rates, as T approaches zero, the maximum 
allowed gain is 2. For low speeds, with T 
approaching infinity, the maximum allowed 
gain is 1. 


In this simple example, the system is 
stable at all speeds. In most practical 
cases, the equations are more complex 
and the system becomes unstable at low 
velocities. 


4.6.4 SPECIAL FEATURES 


The implementation of control functions 
by digital controllers is done by program- 
ming the processor or by the use of look-up 
tables. The flexibility of these design 
methods enables the implementation of 
various control functions. 


Digital compensations are designed by 
programming the processor to perform 
a difference equation. The coefficients 
of the difference equations determine the 
poles and zeros of the transfer function, as 
discussed previously. 


Digital controllers can generate nonlinear 
functions such as squares, or velocity- 
dependent gains. It also allows the addition 
of constraints to the control function. 
For example, it can control the position of 
the system while limiting the acceleration 
rate or the velocity to given values. 


The design flexibility also allows different 
design approaches. Two such approaches are 
the feedforward and the adaptive control. 


Feedforward 
Consider the system shown in Fig. 4.6.9. 


Under normal conditions, the system will 
have a steady state error due to the finite 
gain of the loop. This characteristic is 
undesirable in position control systems 
where the position has to follow the 
input closely. In those cases one can add 
a feedforward function that generates a 
signal equal to the desired steady state 
error, allowing the position to equal the 
input. 


The main advantage of the feedforward 
method is that the feedforward branch is 
not a part of the closed loop. Therefore, 
it does not affect the system stability, 
although it improves the performance. 


feedforward 


input $8 
| + 


Adaptive Control 


In order to understand this feature, we 
start with the fundamental question: 
Why do we need to close the control 
loop? We want the system to perform in 
spite of changes in the system parameters 
and the outside inputs, such as load. If 
all the parameters were fixed and known, 
open loop control could do just as well. 


As the parameter changes become broader, 
there is a need for increased loop gains, 
which results in stability problems. There- 
fore, if we can narrow the range of para- 
meter variations, we need less gain to 
obtain the same performance. The range of 
parameters uncertainty can be narrowed if 
we note that most parameters change 
slowly. This is due to temperature change 


Fig. 4.6.9. Digital control system with feedforward. 
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or mechanical wear. If we can measure and 
determine the slowly changing variables, 
we can reduce the range of the parameter 
uncertainty. The measurement of para- 
meter values, and compensation for the 
changes is part of the adaptive control 
feature. 


System parameters can change in different 
ways, and the parameter estimation has to 
be designed accordingly. For example, 
if the only parameter that varies is the 
inertial load or the friction, this parameter 
can be estimated by determining the 
change in motor velocity due to known 
current. However, if several parameters 
may change simultaneously, the parameter 
estimation process requires a more sophis- 
ticated procedure. 


4.6.5. PHASE LOCKED SYSTEMS 


As the needs for precise velocity control 
systems increase, and with the availability 
of suitable integrated circuits, phase-locked 
servo loops are becoming increasingly 
popular. They exhibit excellent speed 
regulation and inherent insensitivity to 
parameter changes. 


The basic phase-locked loop and its com- 
ponents are shown in Fig. 4.6.10. When 
the system is “‘phase-locked’’, the fre- 
quencies of the command and feedback 
signals become identical, and if the fre- 
quency of the command signal is constant, 
it produces a constant motor velocity. 


As long as the system is ‘‘phase-locked”, 
the motor velocity follows the frequency 


4-58 


of the command independently of motor 
and amplifier parameter variations. This 
guarantees a motor speed _ regulation 
which is as good as the stability of the 
command frequency. 


Note that although phase-locked servo 
systems (PLS) are commonly used to 
control velocity, they really are position 
control systems in which the _ position 
control results in velocity control. 


The early PLS used analog devices for 
position sensing and for phase detection, 
therefore their model and analysis were 
based on analog signal methods. Most of 
the literature on PLS, therefore, describes 
them by continuous models. 


In recent years, with the availability of 
digital circuits for phase detection, the use 
of digital elements in the loop has increased 
and consequently most PLS have become 
digital. However, since the encoder fre- 
quency is usually very high as compared 
with the loop bandwidth, the digital phase 
detector may be approximated by an analog 
device, resulting in an analog model. There- 
fore, most of the results of analog PLS 
apply equally to digital PLS. 


The main differences between the two 
loop types are in the model of the phase 
detector and in the behavior at low veloci- 
ties. For a smooth presentation, we start 
with the description of the analog PLS, 
and later will discuss the outstanding 
features of the digital PLS. We start by 
describing the system components and 
their operations. 


Command S 
| Phase 


Comparator 


Amplifier 


Feedback 


Fig. 4.6.10. Basic phase-locked servo loop. — 


4.6.6. SYSTEM COMPONENTS 


The phase-locked servo loop includes the 
following components: 

1. Phase comparator 

2. Low-pass filter 

3. Amplifier 

4. Motor 

5. Encoder (optical tachometer) 


The operation of these components is 
discussed below. 


Phase Comparator 


The purpose of the phase comparator is to 
detect differences between the phases of 
the command signal and the feedback 
signal, and produce an error signal to 
indicate them. 


Some comparators are designed to detect 
frequency differences as well as phase 
differences between the command and 
feedback signals, and produce an output 


voltage which is a function of the phase 
error and the frequency error. Such de- 
tectors are called phase-frequency com- 
parators. 


In the following analysis, we derive the 
mathematical equations for the most 
simple phase comparator, the multiplier. 
For the simplicity of derivation, it is 
assumed that both the command signal and 
the feedback signal are sinusoidal. This is 
only a simplifying assumption and the 
results are valid for square-wave signals as 
well. Let the command signal and the 
feedback signal be S,(t) and S,(t), respec- 
tively, and denote the multiplier gain by 
Ky The multiplier output Is 


V,=K,_ 8,85 (4.6.46) 


Since the command signal is sinusoidal, it 
can be written as 


S, = =. cos 0; (4.6.47) 
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Let 6, be the angular position of the 
motor shaft and define the electric angle 
of the encoder, 05: as 


where n is the number of pulses generated 
by the encoder each revolution. The feed- 
back signal, S5, may be written as 

Sy =V, sin, (4.6.49) 
The comparator output voltage, V,, be- 
comes 


V. = —K_ VV, cos 6; sin 6, (4.6.50) 
This can be written as 
K VV 
i Sag ein (0,—6 ,)—sin (0;+0,)] 
(4.6.51) 


The voltage component proportional to 
sin (0, + @,) is sinusoidal with high fre- 
quency and will be blocked by the low- 
pass filter. Therefore, we may ignore it and 
consider only the voltage component 
proportional to sin (0, —0,). Also define 
the comparator gain, Ko: as 


= Kin Ys“o 


K 
P 2 


(4.6.52) 


Then the effective comparator output 
voltage is 
Vier K, sin (0, — 0.) (4.6.53) 
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(4.6.48) 


Define the phase error, 0,, as 


Y= vF — a. (4.6.54) 
and note that when @, is small, (4.6.53) 
may be approximated by 
v= K, (0; — 0) = Ki. (4.6.55) 
Equation 4.6.55 indicates that for small 
phase errors, the comparator output is 


proportional to the phase difference. 
This is illustrated in Fig. 4.6.11. 


0; Oe Ve 
Kp ema a: 


Oo 
Fig. 4.6.11. Linearized model for phase comparator. 


The model (4.6.55) was developed for a 
multiplier, but it is valid for all the phase 
comparators, as long as the phase error, 
., is small. In cases where phase-frequency 
comparators are used the output voltage 
may be approximated as the sum of two 
components, the phase error voltage and 
the frequency error voltage: 
dé 


V, = KO, + Ky, ae 


it (4.6.56) 


When Laplace transformation is used, this 
becomes 

V,(s) = [sK, + K,! 0 ,(s) (4.6.57) 
A block diagram model for the phase- 


frequency comparator is illustrated in 
Fig. 4.6.12. 


Gols) 


Fig. 4.6.12. Linearized model for phase-frequency 
comparator. Note that Kp gives the phase differ- 
ence, whereas Ky indicates frequency differences. 


Low-Pass Filter 


The low-pass filter is needed to block the 
high frequency components of the com- 
parator output. A single-pole filter may be 
sufficient for attenuation, but the final 
selection is made on the basis of loop 
design. The transfer function of the filter 
is denoted by F(s). 


Amplifier 


The amplifier is needed to raise the power 
level of the error signal in order to drive 
the motor. The amplifier transfer function, 
H(s), may be selected to provide additional 
compensation if needed. 


Motor 

The transfer function of the motor was 
discussed in detail in section 4.2. In the 
following analysis, it is denoted by G(s). 


Encoder 


The encoder, or optical tachometer, is a 
nonlinear device which generates n sinusoi- 


Ve (s) 


dal pulses for each revolution of the motor 
shaft. Thus the encoder output, S,(t), is 


S,(t) =V, sin nd, =V, sin dy. (4.6.58) 


However, since the comparator model is 
linearized, the encoder may be represented 
as a block with constant gain of n (Fig. 
4.6.13). 


Om Qo | 


Fig. 4.6.13. Block diagram model for the encoder, 
relating the mechanical shaft position 6, to the 
encoder electrical angle 0. 


Now we are ready to construct a detailed 
block diagram for the phase-locked servo 
system. This is shown in Fig. 4.6.14. 


4.6.7. SYSTEM DESIGN AND STABILITY 


When we examine the open-loop transfer 
function of the system in Fig. 4.6.14, we 
find it to be 


L(s) = n(sK,+K,,) F(s) G(s) H(s) 4- 
(4.6.59) 


It can be seen that the term 1/s introduces 
90° phase shift to the loop. Additional lag 
is produced by motor and the filter. If we 
couple this with the fact that the open-loop 
gain is very high (n is between 500 and 
2000), it is apparent that the system will 
have stability problems, unless carefully 
designed. 
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Phase | pass 


comparator filter 


Encoder 


Amplifier Motor 


Fig. 4.16.14. Block diagram of phase-locked servo system. 


The design is made more difficult by the 
fact that the filter F(s) is needed, and any 
lead network on the comparator will 
cancel the filtering effect. Consequently, 
all efforts are directed at determining 
compensations. which will reduce the lag 
and loop phase shift at frequencies about 
the break frequency. This can be achieved 
by lead-lag, or similar type compensations. 


Next, we want to examine the effect of a 
lead-lag compensation network on the loop 
Stability. 


Consider a phase-locked loop where the 
phase detector has a gain K_. The low-pass 
filter has a single pole at —1000 rad/s, and 
a transfer function 


1000 
F(s) = 541000 | (4.6.60) 


The amplifier is assumed to have a constant 
gain 


H(s) =5 (4.6.61) 
The motor transfer function is 
G(s) = Oe (4.6.62) 
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and the encoder line density Is 


n= 500 (4.6.63) 


The corresponding open-loop transfer func- 
tion is 


2.5x109 K 


Lis)= S[s+ 100)(s+ 1000) —«(4-6.64) 


and the corresponding root-locus diagram is 
shown in Fig. 4.6.15. 


Fig. 4.6.15. Root locus diagram for the system of 
(4.6.64). 


In order to determine the limit on the 
comparator gain, solve the equation 


1+ L(jw) =0 (4.6.65) 
or 
_ 25x 102 K, - 
joo(jw + 100)(jao + 1000 
(4.6.66) 


jqo(jo+100) (jwo+ 1000) + 2.5x10°K =0 
(4.6.67) 


Separating the real and imaginary parts of 
(4.6.67) and solving for w* and K, yields 


wo? = 10° 
(4.6.68) 
K, = 0.044 


Thus, the comparator gain has to be limited 
below 0.044 V/rad to guarantee stability. 
Next, suppose that we add a lead-lag 
compensation to the amplifier by introduc- 
ing a zero at —100 rad/s and a pole at 
—5000 rad/s. The modified amplifier 
transfer function becomes 


- + 
H___(s) = 250 (s + 100) (4.6.69) 
(s + 5000) 
Note that at low frequencies, the amplifier 


gain remains unchanged. 


The modified open-loop transfer function 
becomes 


Lin (8) = —1-25 x 1011 Kp _ 
me * §(s + 1000)(s +5000) '4-6.70) 


The maximum gain for the modified system 
can be determined by the same procedure as 
before. When this is done, we find that the 
maximum comparator gain and the corre- 
sponding frequency are 


we = 5x 108 


(4.6.71) 
0.24 V/rad 


K 5 


Thus, by introducing the compensation, one 
can increase the gain by a factor of 5.5 


4.6.8. SPECIAL CHARACHERISTICS 


_ In the previous analysis the model of the 


phase-locked servo system was linearized 
and the loop was treated as a regular posi- 
tion control system. While this analysis is 
valid, there are some special characteristics 
that result from the nonlinear nature of 
phase-locked loops, and these are described 
below. 


Velocity Acquisition and Locking Range 


In order for the system to remain locked, it 
has to satisfy the following conditions: 


a) The system must be stable. 

b) The frequency of the effective error 
signal, V., should be within the band- 
width of the system. 


As long as the two conditions are satisfied, 
the system can correct phase errors and 
remain locked. On the other hand, if the 
frequency of the error signal is higher than 
the system bandwidth, the loop cannot 
respond fast enough and the system will 
“lose lock”. 


The frequency of the error signal is pro- 
portional to the difference between the 


motor velocity and the desired velocity. 
Large differences between the two may 
occur during start-up condition when the 
motor starts from rest, or due to large 
speed disturbances. 


To illustrate this point consider a stable 
phase-locked servo system where the en- 
coder line density is n = 1000. Let the fre- 
quency of the input signal be f, = 20 kHz, 
and suppose that the system bandwidth is 
500 Hz. The system will remain locked as 
long as the frequency of the feedback signal 
is between 19 500 and 20 500 Hz. With the 
given encoder, this corresponds to a motor 
velocity in the range of 19.5—20.5 r/s, or 
1170—1230 rpm. 


In other words, as long as the motor velocity 
is within the range of 1200 + 30 rpm, 
locking is guaranteed. Any change in ve- 
locity beyond those limits will result in loss 
of lock. 


In order to guarantee velocity acquisition 
and prevent loss of lock, one can use a 
phase-frequency comparator, where the ve- 
locity error signal may be used to accelerate 
the motor until lock is achieved. This en- 
ables the system to acquire the desired 
velocity; however, the acquisition range is 
limited, as explained by the following 
example. 


A motor with an encoder of line density 


n = 1000 is required to rotate at a velocity 
of 2400 rpm in CW direction. A stable 
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phase-locked system is used where a positive 
error signal accelerates the motor in the CW 
direction. The frequency of the input 
signal is f, = 40 000 Hz, and the feedback 
frequency, f,, is proportional to the veloci- 
ty. Furthermore, note that the velocity 
error of the frequency comparator is pro- 
portional to (f, — f,). Thus, 


V.=K, (f, —f,) (4.6.72) 


Next, consider various initial velocities, and 
the system response. 


a) Initial velocity above 2400 rom in CW 
direction. Here the error signal is 
negative and the motor will decelerate 
until the required velocity is achieved. 


b) Initial velocity below 2400 rpm in 

either direction. Here the error signal 
is positive and the motor is accelerated 
in CW direction to the required ve- 
locity. 


c) Initial velocity above 2400 rpm in 
CCW direction. Now the error signal 
is negative, which accelerates the motor 
further in CCW direction until the 
amplifier is saturated. Under this con- 
dition, velocity acquisition. is not 
possible. 


In conclusion, phase-freqeuncy comparator 
will accelerate the motor to a desired 
velcoity, Wy, if the initial velcoity, w,,, is 


Gea, (4.6.73) 


Otherwise, the motor will run away in the 
opposite direction. 


There are several ways to solve this problem. 
The most simple one is to use a unidirec- 
tional amplifier if possible. When the motor 
is required to run in both directions, it is 
advisable to use an optical encoder with 
two output channels in quadrature. The 
phase relationship between the two out- 
put channels indicates the direction of 
rotation. 


Further discussion on the modeling and 
design of phase-frequency detectors can be 
found in [4-11] and [4-12]. 


Speed Variations 


Phase-locked systems are used primarily for 
velocity control because of the high accu- 
racy: and regulation they can provide. It 
is therefore important to investigate the 
sources of the velocity errors and the 
methods for reducing them. The most com- 
mon sources of velocity disturbances are 
listed below. 


1. Variations in input frequency — As the 
frequency of the command signal varies 
with time or temperature, the system 
will follow the command frequency 
and produce a velocity error. Clearly, 
the speed regulation of the system 
cannot be better than that of the com- 
mand signal and a stable oscillator is 
needed for good regulation. 


2. Load variations — Variation in load 
torque, T, , will produce speed distur- 


bances. These variations will be mini- 
mized by increasing the loop gain and 
bandwidth. An alternative method for 
reducing velocity disturbances is to 
add a balanced inertial load to the 
system which attenuates the effect of 
the load changes. 


3. Motor torque disturbances — The tor- 


que produced in the motor during 
rotation is not constant, but It varies 
with the angular position. The torque 
ripple is equivalent to load distur- 
bance and results in velocity variations. 
In order to minimize those, one can 
select a motor with low torque ripple, 
in addition to increasing the loop gain 
or using an additional inertial load. 


. Encoder-generated errors — \n the pre- 


vious analysis it was assumed that the 
encoder is an ideal device with an out- 
put 


S,=V, sin 6, (4.6.74) 


In reality, the encoder has some error 
and its output may be written as 


So, =V, sin 0. (4.6.75) 


where @., the actual electrical angle, 
is given by 


C= 0.707 +O. (4.6.76) 
0, represents the low-frequency phase 
errors which result from mounting 


errors. This can be approximated by 
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6, =Ksing, (4.6.77) 
6,, on the other hand, results from 
errors in encoder mask, and therefore 
will have high-frequency elements. 


When the actual feedback signal, S99: 
is fed back to the phase comparator, 
the output voltage becomes | 


V,=K, [6, -4,] 


=K, 16; -8 — 07 — 4) 
(4.6.78) 


6,, will be blocked by the filter and 
hence may be ignored. 0,, which may 
be within the system bandwidth, will 
pass through the filter as an error, and 
will try to correct the system phase 
accordingly. Thus, the phase-locked 
loop will attempt to correct errors 


which are produced in the encoder, 
and when the frequency of those 
errors is low, they result in speed 


disturbances. 


. Low speed instability — PLS with 


digital phase detectors often experi- 
ence velocity disturbances at low 
velocities. These disturbances get 
worse as the velcoity decreases, and 
eventually the whole loop becomes 
unstable. 


The reason for this phenomenon is 
that the position sampling rate in those 
systems depends on the motor velocity. 
As the sampling period increases at 
lower speeds, the system tends to be- 
come less stable and eventually it 
becomes unstable. This subject was 
previously discussed in this section 
4.6.3. Further discussion can be found 
in [4-14]. 0 


4.7. HOW TO MAKE SYSTEMS WORK 


Some system requirements may be contra- 
dictory to the basic requirement of stability, 
and compensation must be added. There is 
no simple rule for compensation, but some 
worthwhile ideas will be discussed. 


The designer of a servo system usually 
desires high gain in the open-loop transfer 
function, as this reduces the sensitivity of 
the system to disturbances and parameter 
variations, and widens the system band- 
width. For example, a position control 
system with high open-loop gain will appear 
as a “‘‘stiff’’ system that can follow a posi- 
tion command despite disturbing torques. 


On the other hand, as gain is increased, 
the system tends to become unstable. In 
fact, all practical servo systems become 
unstable if their open-loop gain is increased 
beyond a certain limit. This indicates that 
the plurality of the number of poles over 
the number of zeros of the characteristic 
equation is at least three. Then, as gain is 
increased, at least one of the poles moves 
to the right half-plane, as follows from the 
asymptotes rule of the root loci. 


Thus, the requirements for high gain and 
wide bandwidth are contradictory to the 
basic requirement for stability. To over- 
come this difficulty, compensation net- 
works are used to change the open-loop 
transfer function so that higher gain can be 
achieved under stable conditions. 


There is no simple selection rule for com- 
pensation networks. Instead, a network 
has to be tailored for a given case after 
careful analysis. There are, however, some 
general ideas which are worth discussing 
here. 


In general, servo system stability is en- 
hanced if the phase shift, or the lag, in 
the open-loop transfer function is reduced. 
Thus, phase shift should be reduced when- 
ever possible. The first major source of 
phase shift is the motor; it is possible to 
reduce system phase.shift by selecting a 
motor with a short mechanical time con- 
stant. This possibility should be considered, 
however, only if gain or bandwidth require- 
ments are extremely high. 


The other major source of lag is the am- 
plifier. It is easy to stabilize an amplifier 
by using a large capacitor in the feedback, 
but such an amplifier will cause stability 
problems when it is used in a closed loop. 
Therefore, as a general rule, capacitive feed- 
back in the amplifier should be avoided as 


much as possible. Actually, an ideal am- 


plifier should have a constant gain and no 
phase shift over a wide bandwidth. Electro- 
Craft’s Servo Control Amplifiers (SCA) can 
maintain a constant gain up to a frequency 
of 20 kHz, so for the purpose of analysis 
they can be considered as constant gain 
devices. 


Thus, in general, by reducing the phase 
shift, a system can stand higher gain with- 
out disturbing its stability. In cases where 
further reduction in phase shift is needed, 
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a lead-lag compensation network can be 
used with the transfer function: 


H(s) = k— | (4.7.1) 


where both a and b are positive and: 
b> a (4.7.2) 


Such a network has a zero at the frequency 
Gj =aanda pole at w = b. This combina- 
tion results in some phase lead, whose am- 
plitude depends on the parameters a and 
b. Such a compensation network can be 
constructed using either active or passive 
components. The two possible circuits are 
shown in Figs. 4.7.1 and 4.7.2. The two 
transfer functions are of the lead-lag type, 
and the circuit components are selected to 
obtain the right values of a and b. 


Ro | 
R 
: +t + " 
Ro Cc 


Fig. 4.7.1. Compensation network using an active 
component (amplifier). 


Ry 


Oo 


Fig. 4.7.2. Compensation network using passive 
components. 


In some cases, the desired velocity profile 
is to have a constant acceleration and 
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deceleration. While this is extremely diffi- 
cult to achieve with linear compensation 
networks, it can be obtained easily using 
some. nonlinear techniques. The simplest 
device to be used here is a current limiter. 
Thus, amplifier output current is limited to » 
a certain adjustable value. During accelera- 
tion and deceleration the amplifier current 
saturates, resulting in constant velocity 
change. Because of the simplicity and use- 
fulness of the current limiter, all Electro- 
Craft SCA amplifiers are equipped with this 
feature, which can be used or disconnected 
according to individual application require- 
ments. 


In some applications, it is desired to follow 
the input command with zero error so that 
the system output is less sensitive to param- 
eter variations. This requires the use of an 
additional integrator in the loop, which 
increases the DC gain to infinity. However, 
an additional integrator adds to the phase 


_ shift and, hence, causes stability problems. 


To design an integrator without the phase 
shift, a lag-lead compensation network can 
be used. The transfer function of the net- 
work is: 


H(s) = K-—~ 


(4.7.3) 


Thus, the network has a pole ats =QOanda 
zero at the frequency s = a. The compen- 
sation network causes a phase shift which is 
noticed at the low frequencies. However, 
beyond the frequency of s = 3a the effect 
of the network is minor, and can be ignored. 
A possible network is shown in Fig. 4.7.3, 
having a transfer function of: 


Cj 


Fig. 4.7.3. Example of a compensation network. 


V,, (s) 1+ sRC, 
H(s) = V.(s) =— SRC, (4.7.4) 


When a system has to operate in several con- 
trol modes, it is inefficient to design one 
compensation network for all the modes. 
Instead, it will be more desirable to design 
the best compensation for each mode and 
switch between them at the appropriate 
time. 


For example, a system that has to run at 
a specified velocity and then stop exactly 
at a certain position is a two control mode 
system. It operates on either velocity or 
position control; the system, as shown in 
Fig. 4.7.4, is suggested for variable com- 
pensation. | 


| 
| pecitee! 
| T compensation 
ae eel 
LLo “Ons 
i [Position — 
conttol 
compensation 


£. Control mode selector 


Fig. 4.7.4. Hybrid control system. 


The position sensor, P, may be a potenti- 
ometer or a digital encoder, and the com- 
pensation network may use analog circuits, 
digital circuits, or both. The mode selector 


switch will bein the desired position accord- 
ing to whether the velocity or the position 
are to be controlled. For example, suppose 
that the desired velocity profile is trapezoi- 
dal, as shown in Fig. 4.7.5, and it is required 
that the motor will stop after rotating 
through a given angle @. 


During this time interval between O and to, 
the system will be in velocity control mode, 
and between t, and tg it operates in posi- 
tion control mode. 


— HF 5 


——e +t 


oO 


] t9 13 
Fig. 4.7.5. A trapezoidal velocity profile. 


Re 
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Fig. 4.7.6. System with unstable response at higher 
values of gain. 


A system which is difficult to compensate 
is one where the open-loop transfer func- 
tion has a pair of complex poles which are 
close to the imaginary axis. A common 
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source for such a pair is the torsional 
resonance between the motor and the load 
or in the load. The difficulty can be seen 
easily if we observe the root locus curves 
for this system in Fig. 4.7.6. Assuming that 


the system has at least two more open-loop 


poles (from motor and amplifier), the root 
loci branches will tend to move into the 
right half-plane, causing underdamped re- 
sponse when the gain is low and unstable 
response for a higher gain. 


Such a response is not acceptable, and the 
system has to be compensated to divert the 
root locus branches which originate at the 


complex poles and move them to the left, — 


away from the imaginary axis. Since open- 
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loop zeros have the tendency to attract root 
locus branches, a good approach will be to 
use some zeros in the compensation network 
and locate them in the appropriate place for 
best results. As the detailed design of the 
compensation network depends on the loca- 
tion of all poles and zeros of the open-loop 
transfer function, an analysis should be 
done to locate them. This can be done by 
measuring exactly the frequency response 
of the system by recording amplitude of 
gain and phase shift. 


On the basis of this information, the struc- 
ture of the compensation network is deter- 
mined, and a realizing circuit can be syn- 


thesized. = 


4.8. OPTIMIZATION 
4.8.1. INTRODUCTION 


In recent years the automation industries 
have pressed for increased performance (and 
at the same time higher reliability) in auto- 
matically controlled processes and equip- 
ment. As a result, in many instances 
mechanical systems are being replaced by 
all-electronic servo controls driving a highly 
responsive electromechanical transducer. 
The field of incremental motion control by 
this method is relatively new; and, there- 
fore, many potential pitfalls await the sys- 
tem designer. This discussion is intended to 
provide insights into the selection of veloc- 
ity profiles and coupling ratios so that these 
system considerations may aid in realizing 
an optimum system design. 


The incremental motion system to be 
analyzed consists of a load with moment of 
inertia J, which is to be accelerated, rotated 
through an angle 6, decelerated and brought 
to rest, all in time t,- A retarding load tor- 
que, TL, will be considered constant. The 
driving torque will be provided by a DC 
servomotor having a torque constant K,, 
an armature resistance R, and a moment of 
inertia Jin’ 


4.8.2. VELOCITY PROFILE OPTIMIZATION 


The velocity profile (i.e., the motor and 
load angular velocity as a function of time) 
could be optimized around minimum peak 
speed or minimum peak current or any of 
several parameters. In general, however, the 


limiting factor in the performance of the | 


~ type of incremental motion control system 


we are analyzing is motor armature heat 
dissipation. Therefore, it is the parameter 
we will minimize. 


The basic equations of this incremental 
motion are: 


dw - 


where J = Jn + Jue and 


t, 
f w(t) dt = 6 (4.8.2) 
Oo 


The resulting energy dissipation in the mo- 
tor armature per step, W,, is given by: 


t 
Cc 
Wo=Rf 1? (that (4.8.3) 
O 


The problem now reduces to the determina- 
tion of the optimum velocity profile c(t), 
which minimizes W, and still satisfies (4.8.1) 
and (4.8.2). We shall discuss three types of 
velocity profiles (parabolic, triangular, and 
trapezoidal) and determine energy dissipa- 
tion for each. 


Parabolic Velocity Profile 


The solution to this problem results in two 
conclusions: 


1. The constant opposing torque T, adds a 
fixed energy dissipation: 
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Ae ce 
K2 + 
: 


which is independent of velocity profile. 


2. The optimal velocity profile is parabolic 
and is given by the equation: 


Lio 


Wy (t) = 60 t (4.8.4) 


A graph of this profile is shown in Fig. 4.8.1. 
The resulting energy dissipation per step 
becomes: 


R | 4, 12 6 


+TPt] (4.8.5) 


fe 
2 


Fig. 4.8.1. Optimized velocity profile. 
Triangular Velocity Profile 


As a result of limitations in practical control 
system complexity, velocity profiles other 
then optimum are frequently used. In the 
triangular velocity profile the load is accel- 
erated at a fixed rate and then decelerated 
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to lo 


Fig. 4.8.2. Triangular velocity profile. 


at the same rate, as shown in Fig. 4.8.2. 
The energy dissipation per step is: 


2 92 
wo=—- lie +774] (4.8.6) 
2 L ‘ec 
K t 
a | c 


te ate te 
3 3 


Fig. 4.8.3. Trapezoidal velocity profile. 


Trapezoidal Velocity Profile 


The trapezoidal profile is divided into three 
parts: acceleration, run, and deceleration as 
shown in Fig. 4.8.3. Frequently there is 
a feeling among engineers that the triangular 
velocity profile is more efficient than the 
trapezoidal, as the latter’s run time seems 
wasted. The results show, however, that for 
a trapezoidal velocity profile in which all 
three parts are of equal time interval, the 
energy dissipation per step is: 


2 p2 
- Bliss 2! 
K t 


2 
T Cc 


2 
Ww + Ty t. (4.8.7) 


Cc 


Again, if we assume T, = 0, the energy 
dissipation in the motor armature is 12.5% 
higher than in the case of a parabolic veloc- 
ity profile, but 20.83% less than in the case 
of a triangular velocity profile. For con- 
venience at a later point, let us now define 
nm as the velocity profile efficiency when 
T, =0: 


co 


0 Ww 


Cc 


@ T, =0 (4.8.8) 


Then the energy dissipation per step equals: 


2n2 
=| Se sre (4.8.9) 
Cc 2 if) 3 L Cc 
K t 
T c 


Thus, 7 = 1 for the parabolic velocity pro- 
file; 7 = 0.75 for the triangular velocity 
profile; and n = 0.889 for the trapezoidal 
velocity profile. 


4.8.3. COUPLING RATIO OPTIMIZATION 


A second important system parameter af- 
fecting motor armature power dissipation 
is the coupling ratio between the motor 
and the load. The term coupling ratio is 
loosely defined as the angular movement of 
the motor compared to the movement of 
the load. For a system in which the load 
is rotated this would be more commonly 
called the gear ratio. For a system in which 


the load is linearly translated, the coupling 
ratio is the motor rotation for one unit of 
linear motion (i.e., it is expressed in units of 
[rad/m] or [rad/in]). Three methods of 
coupling will be considered; (1) the gear 
transmission, (2) the belt and pulley, and 
(3) the lead screw. The objective will be to 
determine the coupling ratio in which the 
motor armature energy dissipation is mini- 
mized. For the sake of simplicity it will be 
assumed that total load moment of inertia 
is fixed and does not change with coupling 
ratio and that all mechanical losses are con- 
tained inthe T, term. 


Fig. 4.8.4. Gear coupled system. 


Gear Ratio Selection 


In a coupling system such as the one shown 
in Fig. 4.8.4 using a gear ratio of N:1, the 
following relationships reflect all parameters 
to the motor shaft: 


6 = NO, (4.8.10) 
J Fd +t—J, (4.8.11) 
aL 4.8.12) 
Ty ee Te (4.8. 


The equation (4.8.9) for energy dissipation, 
derived from (4.8.5) and (4.8.8) therefore 
becomes: 
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R 
W, = oF zi + 
KI Li 
2 
+ a (4.8.13) 
y2 t. 8. 
For convenience now define: 
n| te a 
Y= (4.8.14) 
12 Oo, JL 


Substituting into (4.8.13) and rearranging 
gives: 


(4.8.15) 


Performing the differentiation of the part of 
(4.8.15) in brackets, i.e. 


(4.8.16) 
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lf there were no load opposing torque, 
T, = 0, then y = 0 and (4.8.16) becomes: 


(4.8.17) 


This result is known as an /nertia match since 
the motor moment of inertia equals the re- 
a 
flected load moment of inertia, J. = N2 
In cases where for practical reasons a non- 
optimum gear ratio must be used it would 
be of interest to examine the resultant tn- 
crease in armature energy dissipation. There- 
fore, let 


(4.8.18) 


The energy ratio p increases as shown in 
Fig. 4.8.5 if the gear ratio changes from 
optimum value. It can be seen that a small 
deviation from optimum is not critical, 
however, as the deviation increases the 
penalty becomes increasingly severe. If 
we deviate by +10% the energy increases 
by less than 1%, but if we deviate by a fac- 
tor of 2 the energy increases by 56%. 


Motor moment of inertia = Jm 


Load mass =m 


Constant opposing force = F 
Linear displacement = x 


Fig. 4.8.6. Belt-pulley drive system. 


c 7 3 mm 
i K2 Nn 4 
1 Ps T c 

Fig. 4.8.5. Energy dissipation increase due to non- 2 

optimum gear ratio. + (Fr)* t (4.8.22) 
Belt-Pulley Drive 
The belt-pulley drive is shown in Fig. 4.8.6, pony Cena Mercoupiing retle 
and consists of a motor turning a pulley 1 
which pulls a belt to which the load is G =— (4.8.23) 
attached; thus converting rotary motion : 
Into translation. The coupling ratio in this and: 
case is the reciprocal of the radius r of the 
pulley on the motor. The load mass, m, is n F t? 
to be moved a distance x in one step, i.e. in b= 12 — (4.8.24) 
time t,. The constant opposing force is F. 
Thus: Then the energy equation (4.8.22) becomes: 

9 == (4.8.19) 2 

; _ R 12 m2x2}_o(/4m. 1) 8B 
: 2 a | NY | sr 
= J tmr (4.8.20) Ko 7 - G-’ G 
T, = Fr (4.8.21) (4.8.25) 


According to the concepts previously de- Note that (4.8.25) is similar to (4.8.15) 


veloped [using (4.8.9)], the energy dissi- 
pated in the motor armature per step is: 


where G is equivalent to N, m is equivalent 
to JL and 6 instead of y. Clearly, the 
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optimum coupling ratio, according to 
(4.8.16), will be: 


2 m 
=— + 
Go 7" 1+ £6 (4.8.26) 
The optimum pulley radius is then: 

7 ee 
J 2 

ro {-—) (4.8.27) 

m V1 + 8 


If the constant opposing force F = 0, then 
6 =0, and we again have an exact inertia 
match: 


(4.8.28) 


Lead Screw Drive 


The lead screw drive is shown in Fig. 4.8.7, 
and consists of a motor turning the lead 
screw which moves a mass m, much in the 
same way as the belt-pulley drive. Assum- 
ing the motion problem variables x, 0, T, , 


F, and m remain the same as in the belt- 


pulley system, the problem becomes to 
determine the optimum pitch, ar of the 
lead screw. Pitch here is taken as number 
of revolutions per unit length and there- 
fore: 


ae (4.8.29) 


Since G is the motor rotation in radians per 
unit length, the optimum pitch is therefore: 


p = (mNi+s)? (4.8.30) 
0 27 Jn 
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L 
5 
Fig. 4.8.7. Lead screw drive system. 


EXAMPLES 


For clarity, example solutions to coupling 
optimization problems are given below. 
Assume in all cases the motor has the 
following parameters: 


K+ = 6 oz-in/A = 0.04237 Nm/A 
R =12 
Jn OX 10~4 oz-in-s? = 35.3 g cm? 


Assume also that a trapezoidal velocity pro- 
file is used. Therefore 


n = 0.889 


Example 1: The motor has to drive a load 
by means of a gear transmission. The load 
has the following parameters: | 


Jp = 8x 1072 oz-in-s2 

= 5.65 x 1074 kg m2 
T, = 12 0z-in = 0.0847 Nm 
0, = 0.2 rad 
t. = 0.05s 


First we must calculate y from (4.8.14): 
y = 0.260 


Now we can calculate the optimum gear 
ratio from (4.8.16): 


= 
ll 


179.6 


N. = 13.4 


Example 2: The second example involves a 
mass to be moved linearly by means of a 
belt-pulley drive. The following load and 
performance parameters apply: 


m= 0.01 kg — 
F = 0.003 N 
x = 0.02 m 
t. = 0.01s 


Cc 


From (4.8.24) we have: 


B= 1.667 x 1077 


By observing (4.8.27) it can be seen that 
the factor £6 is insignificant and that the 
inertia match formula 


J 
r =4/— (4.8.28) 
m . 


can be used. The optimum pulley radius is 
thus 


r, = 18.8 mm = 0.74 in 


Example 3: \n the final example, a mass is 
to be driven by a lead screw in the same 


manner as in Example 2. The problem is to 
find the optimum lead screw pitch. The 
following load and performance parameters 


apply: 


m=1kg 

F =0.02N 
x =0.02 m 
t, = 0.01 s 


Let us also consider the moment of inertia 
of the lead screw to be 


Jpg = 0.4 x 107% oz-in-s? 


= 28.25 g cm? 


This moment of inertia is to be added to the 
motor moment of inertia, so that: 


Ji =, + Jpg = 63.55 g cm? 


We can now calculate the opposing force 
factor 6 from (4.8.24) : 


B=7.4x 107—10 


This factor can be ignored. The optimum 
pitch is thus from (4.8.30): 


_1(m)\2 
Po (32) 


= §3.134 turns/m = 1.6 turns/in 
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4.8.4. CAPSTAN OPTIMIZATION 


In the following let us briefly examine some 
of the practical aspects of a typical servo 


problem in computer peripheral equipment. — 


Introduction 


Fast-moving technological changes in in- 
cremental tape transports of the past de- 
cade have made 200—250 in/s (5 — 6.4 m/s) 
machines commercially available. Single 
capstan drive systems have emerged as vir- 
_ tually sole survivors in the drive methods 
contest. As the quest for increasingly 
higher tape speeds and repetition rates 
continues, tape transport servo and capstan 
designers as well as users must face the 
increasing demands on motors, feedback 
elements, capstan design and power supplies. 


Thus, in the decade we can expect demands 
on servomotors with higher K+/R ratio, 
lower moment of inertia, and lower thermal 
resistances (and, lest we forget, increasing 
downward price pressure). We believe that 
capstan motor power dissipation problems 
and torsional resonance problems are the 
major technical hurdles we have to face in 
the future. | 


This discussion covers one aspect of this 
problem: how to pick the right motor and 
design the optimum capstan radius to mini- 
mize power dissipation. It also discusses 
what added power dissipation the applica- 
tion would need under non-optimum con- 
ditions. 
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Optimum Capstan Selection 


If we define a tape drive system with a 
given linear velocity profile v(t), the linear 
acceleration of the tape is: 


dv 


a = a (4.8.31) 


_A direct-coupled-to-the-motor capstan of 


radius r drives the tape. The motor angular 
velocity w is therefore: 


(4.8.32) 


Differentiating (4.8.32) gives the angular 
acceleration: 


dw dv 


1 
qo —=-— 
r 


A ; (4.8.33) 


a. 


Combining (4.8.31) and (4.8.33) gives: 


a 
r 


a= (4.8.34) 


The moment of inertia of the capstan, J,, 
depends on the radius r and on the capstan 
design. Suppose that the capstan structure 
is approximated by a solid disc and a cylin- 
der (Fig. 4.8.8, A and B). 


Ifthe dominant portion of capstan moment 
of inertia would be represented by a disc of 
length Wy, radius r, density p and mass m,, 
then: 


ptw,rt (4.8.35) 


Fig. 4.8.8. Typical capstan construction can take 
the form of (A) adisc, and (B) a cylinder. (C) indi- 
cates the hub and its small mass. Hence, it con- 
tributes a negligible amount to the capstan moment 
of inertia. 


On the other hand, if the dominant portion 
of J. lies in the outside cylinder of thick- 
ness d, length w, and mass mo, then: 


J, = Myr? = 2mpwod (4.8.36) 


From these extreme conditions, we can 
conclude that a capstan made from elements 
A and B (Fig. 4.8.8) provides a moment of 
inertia which is proportional to the power 
of r between 3 and 4. We can usually ignore 
the inertia contribution of the hub C. We 
can therefore define the inertia equation as: 


Jo=krP (4.8.37) 


where the exponent p: 
3<p<4 (4.8.38) 


A subsequent example shows how to arrive 
at a value for pina specific case. The total 
system moment of inertia is the sum of 
motor moment of inertia J. and the capstan 
moment of inertia J... 


J=J, td, (4.8.39) 


Combining (4.8.37) with (4.8.39) gives: 
Jad, tke? (4.8.40) 


The torque T needed to run the motor at 
acceleration a is: 


T = Ja (4.8.41) 


lf we combine (4.8.34), (4.8.40) and 
(4.8.41), we get: 


T==> (4, +k ) (4.8.42) 
r 


From the chosen motor specification we 
can define the armature current during 
acceleration as: 


(4.8.43) 


Hence the instantaneous power dissipation 
in the motor (neglecting friction - a realistic 
assumption in most cases of incremental 
motion) is: 


P(t)= R \° (4.3.44) 


or, using (4.8.43): 


2 
P(t) = R—— (4.8.45) 


2 
KS 


Clearly, minimizing P(t) minimizes T. 


Performing the differentiation 


dT 


an 
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of (4.8.42) gives: 


ad, 172 + (p—1)akr?-2 =9 
Or: 


J = (p—1) k r? (4.8.46) 
Substituting (4.8.37) into (4.8.46) gives the 
relationship: 
5 (p—1) J. (4.8.47) 
Equation (4.8.47) shows how the motor 
moment of inertia relates to the capstan’s. 
For the given range of p, minimum power 
dissipation requires a capstan moment of 
inertia between 1/2 and 1/3 of the motor 
moment of inertia. This requirement differs 
from the usual rule-of-thumb concept in 
analog servo design that calls for motor 
moment of inertia equal to load moment of 
inertia for optimum performance condi- 
tions. 


Non-optimum Choices 


Frequently, additional constraints or avail- 
able equipment prevent the selection of 
optimal capstans. Sincein this case we must 
choose a non-optimal capstan, how does 
power dissipation increase? 


Recalling that the capstan moment of inertia 
is J. =k rP (4.8.37), and if we call the opti- 
mal capstan radius r, and the realizable 
(non-optimum) radius r, and denote the 
power dissipation corresponding to r, andr 
by P, and P, respectively, then from (4.8.45) 
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and (4.8.42) we obtain the power dissipa- 
tion. 


(4.8.48) 


and the minimum power dissipation: 


__Ra? p\* 
Ce Be, +) 


KI ro 


(4.8.49) 


A good indicator of the “efficiency” is n, 
the ratio of P and P|: 


2 | 
p r (J. +k r?) 
ee — (4.8.50) 
Oo r (J. +k rP) 
O 


Now recall the r, satisfied (4.8.46), there- 
fore: 


k PP = — (4.8.51) 
re) p—1 
If we denote 
r 
y= (4.8.52) 
Vo 


and substitute into (4.8.50) yields: 


r (J +k yP ¢P) 
n= ea (4.8.53) 
Vol, tk re) 


This can be further simplified by substi- 
tuting (4.8.51): 


| 2 
p—1+7 
YP 


(4.8.54) 


Equation (4.8.54) indicates the increase in 
power dissipation when a non-optimal radius 
is used. Note that for p = 3 and p= 4 it 
becomes: 


2 
- [222°] _ 
n ce @p=3 


2 
_|3+7 _ 
n= [EH] ne 


(4.8.55) 


Since for most cases 3 < p < 4, the power 
dissipation increase is within the limits 


given by (4.8.55) and presented in Fig. 4.8.9. 


Note that a small deviation from the 
optimal radius does not result in a large 
power dissipation increase. However, as 
the deviation increases, the power dissipa- 
tion increases considerably. For example, 
if the capstan radius is half the size of the 
optimal, power dissipation increases be- 
tween 100% and 134%. 


Fig. 4.8.9. Motor power dissipation increase as 
function of capstan radius. 


State-of-the-art systems not uncommonly 
work the servo system close to the dissipa- 
tion limits of the motor. Therefore, you 
should know the penalty for non-optimum 
capstan choice. 


4.8.5. OPTIMUM MOTOR SELECTION FOR 
INCREMENTAL APPLICATION 


So far, we learned how to optimize capstan 
design for a given motor. Now we can start 
over again and assume we have not chosen 
a specific motor. Let’s select the best motor 
for a general capstan shape. 


If we combine (4.8.44) and (4.8.45), we 
define power dissipation for any motor as: 


2 
eae Se (4.8.56) 
a 2 


T 


Inserting (4.8.34) and (4.8.41) into (4.8.56) 
produces: 


2 2 
pe oy (2) (4.8.57) 


Substitution from (4.8.39) and (4.8.47) 
gives: 


R p aj|2 
eee Soe ae 4.8.58 
a ee 


Rearranging (4.8.46) gives us the optimal 
radius: 


co |= 


(4.8.59) 


and substituting into (4.8.58) gives: 


172 


47 1\P 
bere y —2P [p—1] k 
2 mp—1 J 


K, m 


(4.8:60) 


If we isolate motor dependent parameters 
in (4.8.60), we see that: 


RJ (2—2/p) 1 
K2 p—1 
7 
(4.8.61) 
and the term to be minimized is: 
Rae 
=a (4.8.62) 
KI 
where 
6 = 2—2/p 
For the given range of p, it becomes: 
4 3 
— <5 = 8. 
3 B< 2 (4.8.63) 


Thus, we now observe that for optimum 
power dissipation we must minimize the 
following term: 


(1.33 to 1.5) 
RJ, : 


(4.8.64) 
2 
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In some cases, we may find that the design 
objective isto minimize the motor tempera- 
ture rise, ©,. We find that ©, is related to 
the power dissipation by: 


©, = PR,, (4.8.65) 


where Ren is the thermal resistance of the 
motor. Then the motor dependent param- 
eters to be minimized are: 


B 
RJ Rep 


; (4.8.66) 


a 


Thus, we note that (4.8.66) matches the 
formula of (4.8.62) with the addition of 
R,,- 

th 


We can establish the value of 6 from the 
design philosophy of the capstan design, 
which gives a value of p (see subsequent 
example). To select the optimum motor, 
we can now take specification data for 
various motors and plug it into (4.8.64). 
The lowest value indicates the optimum 
motor from the power dissipation point of 
view. Of course, we must consider other 
reasons for selecting a motor, such as com- 


patibility with power supply voltage and 


current limits, resonant frequencies, ta- 
chometer accessories, physical size, avail- 
able shaft dimensions and any other param- 
eters specific to the user’s need. 


We have now acquired an insight into fac- 
tors which affect power dissipation in an 
incremental motion system. In the fol- 
lowing example we compare two motors of 


rather diverse performance characteristics 
to show the drastic differences in power 
dissipation. 


EXAMPLE 


When designing a capstan drive, we can use 
either of two available typical capstans with 
the following parameters: 


r, =0.75 in, J,4 = 0.3 x 10-3 oz-in-s* 


ry =1.0in, Jog = 0.85 x 1073 oz-in-s 


We can therefore assume that we can design 
the optimum capstan of a radius that ranges 
between 0.55 in to 1.0 in. Which of the fol- 
lowing two available motors should we 
select? 


mow [agin] nt] ig ene 


To determine the equation of capstan mo- 
ment of inertia, we want to arrive at the 
form: 

J. = k r? (4.8.37) 


Then: 
Jog =KrP and Jo =kr5 (4.8.67) 


Dividing the two equations yields: 


(4.8.68) 


Now take the logarithm of the two sides: 


i (<2) 
| Jo 


PS (4.8.69) 
2 


To determine k: 


4o2 _ 0.85 x 107% 


k = — = 0. —3 
: 73.6 0.85 x 10 
r 
2 
Since p = 3.6, then: 
6) : 2 36 1.45 


To select the motor, evaluate (4.8.64) the 
term: 


oa Re 


m 


K2 
T 


for the two motors. 


In evaluating the previous term, use any 
unit system, as long as you use it for all 
the motors. The ratio of power dissipation 
of the two motors will then be: 
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0.85 x 4.51-45 


(P) -1030 _ 5.82 
(P)vsa3s 00.55 x 6.5 1-45 
9.62 
_ 0.223 _ 
“0.072 >! 


The second motor, M-1438, will dissipate 
power at a much lower rate than M-1030, 
by a factor of 3.1! 


lf M-1438 motor fulfills other requirements, 
such as price, size, power supply needs, we 
will select it as the capstan driver. 


Since the optimal capstan moment of inertia 
J, (4.8.47) for M-1438 motor is: 


‘mm _ 0.65 x 1073 


J = 
op 2.6 


= 0.25 x 1073 oz-in-s2 
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The capstan radius should be (4.8.37): 


0.85 x 107° © = 0.25 x 1073 


3.6 log r = log 0.294 


From this, 
i> 0.71 in 


The optimum capstan radius is 0.71 in and 
the optimum capstan moment of inertia is 
0.25 x 107? oz-in-s?. These values come 
close to those of one of the sample capstans 
listed earlier. If we use the 0.75 in radius 
capstan rather than the 0.71 in optimum, 
then 


and the power dissipation increase due to 
non-optimal radius approximates 1% — a 
small penalty. oO 


4.9. PERMANENT MAGNET MOTORS 
FOR SERVO APPLICATIONS 


In this section, we will discuss a few reasons 
why permanent magnet motors are useful 
for servo applications. 


The easily controllable speed feature of the 
DC motor, coupled with its extremely linear 
torque-speed control characteristic makes 
the PM motor an ideal servo component. 
An expression relating motor speed to ap- 
plied voltage is: 


n=— (4.9.1) 


This relationship allows motor speed to be 
controlled by proper adjustment of the 
applied terminal voltage. If the terms of 
the above expression are rearranged we 
obtain: 


V=Ke_n (4.9.2) 


In this form it is easy to see that if driven 
at the shaft and used in a generator mode, a 
PM device will provide an output voltage 
signal that is proportional to the shaft speed. 
This feature makes the PM generator an 
ideal and compatible feedback device for 
use In combination with a PM motor ina 
DC servo system. The basic elements of a 
simple speed control system are shown in 
Fig. 4.9.1. Thearmature current is regulated 
by the transistor Q which in turn is con- 
trolled to be more or less conductive by the 
generator connected between its base and 
the wiper arm of a potentiometer. Each 


setting of the potentiometer corresponds to 
a given shaft speed. If a given setting is 
supplied by the potentiometer, the circuit 
will then function automatically, holding 
the motor shaft at the desired speed, inde- 
pendent of variation in the load torque. 


Potentiometer to 
provide reference 


setting 


Fig. 4.9.1. Elementary speed control system. 


In order to exploit the adaptability to servo 
systems, PM machine design has assumed 
some rather unique forms not normally 
seen on general purpose devices. In the 
speed control scheme shown in Fig. 4.9.1, 
it is necessary for the motor shaft and the 
generator shaft to be rigidly coupled to- 
gether. To accomplish this, many servo 
systems are built with both motor and 
generator on one shaft. Such a device is 
called a motor-tachometer-generator (ta- 
chometer means speed counter) or simply 
a motor-tach. 


While motor or generator action is revers- 
ible, depending on whether the shaft is 
driven or the armature excited, the elec- 
trical characteristics of the devices are often 
quite different. The motor is designed to 
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convert electrical power to a mechanical 
form. Because of this power handling role 


it must have large wire size and is usually 


characterized by low armature resistance. 
On the other hand, the generator is not 
required to convert significant amounts of 
power, but rather to provide a voltage 
signal. The generator can function well 
using relatively fine wire sizes. These 
different demands of motor and generator 
function have resulted in a unique motor- 
tach design patented and marketed by 
Electro-Craft under the trade name ‘‘Mo- 
tomatic’. The concept of the Motomatic 
design is that the fine wire for generator 
armature winding could easily occupy the 
interstices of the regular large motor arma- 
ture winding, and thus occupy the same 
armature core without actually losing space 
for the motor winding. The widespread 
acceptance of the Motomatic components 
has proved the design concept to be correct. 
Motomatic armatures are shown in Figs. 
4.9.2 and 4.9.3. The motor and generator 
windings may be wound simultaneously or 
consecutively. In either case, the windings 
occupy the same slots and are electrically 
isolated from one another. Electrical power 
flows in through a set of brushes at the 
motor end, develops torque and mechanical 
power to a load, and at the same time 


Motor end — end 


NE e WMIEISS 


— zy aes el 
ee 


Fig. 4.9.2. Motomatic design concept — combining 
motor and generator on one armature core. 
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the voltage proportional to shaft speed is 
provided off the set of brushes at the 
opposite (generator) end. The concept 
allows very significant economies in manu- 
facturing costs. 


The Motomatic style (integral motor-tach), 
of construction provides acceptable charac- 
teristics for most applications. There are 
two reasons, however, why it might be 
desirable in some instances to place the 
motor and generator windings on separate 
cores (Fig. 4.9.3) but still on the same shaft. 
One is that in the case of an SCR type 
controller the pulsating DC current in the 
motor produces a large voltage ripple in the 
generator voltage because of the transformer 
action of the common iron core. 


Motor end (———\(——)_ Generator end 


SST 
Sia 8 


~ : Ee(= 
= Nel 
NE VWVSS <i hy 


Fig. 4.9.3. Motor-tach design for magnetic isolation 
of motor and generator windings. 


The other — and entirely different — reason 
is that if either a very wide controlled speed 
range is desired or a high degree of instan- 
taneous or long—term speed stability is 
required at the very low speed, then these 
Objectives might be better achieved with a 
higher voltage gradient tachometer on a 
separate core. - 


In general applications where the motor 
operates for long periods at very low speeds 
and at the same time extremely close speed 


control (better than 0.2% of the set speed) 
is required and any drift in speed over a long 
time cannot be tolerated, then it may be 
necessary to use a silver commutator instead 
of the conventional copper one in the 


generator. Under the above conditions, the 
film on a copper commutator tends to 
change, introducing a drift in generator 
voltage — hence in motor speed. This is not 
the case when silver is used as a commutator 
surface. oO 
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4.10. SYSTEMS AND CONTROLS 
-TROUBLESHOOTING 


Prior to undertaking the troubleshooting 
of a system, a basic comprehension of each 
part of the system is essential, as well as a 
knowledge of operating and calibration con- 
trols. Cognizance of a normally operating 
system, such as voltage and current wave- 
forms at key points, will facilitate isolation 
of the defective components. 


To aid troubleshooting, we can divide fail- 
ure modes into three classes: 


1) Total 
2) Partial 
3) Intermittent 


In the case of a tota/ failure, start trouble- 
shooting at the incoming power lines. If 
power is present and no fuses or circuit 
breakers are defective, check the system 
power supply. Then follow normal power 
flow through the system toward the load 
until the defective stage is located. Substi- 
tution ofa function generator signal for nor- 
mal command will facilitate signal tracing. 


When troubleshooting a partia//y defective 
system, a more unique approach is required. 
By substituting a signal midstream in the 
system, say at the driver amplifier, it is 
possible to localize the fault to a before or 
after stage. Removing the load from the 
amplifier, opening the velocity or position 
feedback loop, the loading of an amplifier 
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with a resistive load will allow conventional 
amplifier signal tracing. 


The intermittent fault can best be isolated 
by long-term monitoring of key points with 
an events’ recorder or similar instrument. 
Knowing the rate of the intermittent fault 
may lead to causes. Also the application of 
heat, vibration, cold, moisture, stress or 
other variables to areas of the system may 
cause the intermittent fault to appear. 


When the failure is isolated, the symptom 
which causes the failure should be noted 
and questioned as to why the symptom 
occurred. Refer to the theoretical failure 
symptom chart, and as an example take an 
inoperative motor, noting that the symptom 
was a blown fuse or tripped circuit breaker. 
Before replacing the fuse or resetting the 
breaker, question why the fuse blew. Con- 
sider the following: 


1) Did the fuse blow because of age or 
fatigue, or was it overloaded? 


2) Did the motor fail, causing the fuse to 
blow or was it a case of overload? 


3) Did the amplifier go into an oscillatory 
mode, producing high ripple currents 
which blew the fuse? | 


4) Did the motor make any unusual 
sounds or emit smoke prior to failure 
of the system? 


THEORETICAL FAILURE-SYMPTOM CHART 


Nature of Failure 


Motor will not 
run 


Uncontrollable 
operation at full 
speed 


Poor load 
regulation 


Erratic 


performance 


Speed variation 
with time 


1. 


NO 


1. 


No = 


Symptom Noted 


Motor or amplifier over- 
heated 


. Fuses blown 
. Fuses or pilot light off 


Immediately when power 
is applied 


. When load is applied 


. At high speed only 
. At low speed only 
. Through entire speed 


range 


. In one direction only 


. At high speed 

. At low speed 

. Atall speeds 

. When motor is hot 

. In both directions of 


operation 


. In one direction only 
. Under extreme load 


conditions 


. Increases or decreases 
. Starts or stops 


Speed variation 1. Increases or decreases 
with temperature 2. Stops or starts 


Repairing and replacing components must 
be done with the same techniques and care 
that the original part was installed. This is 
to say allheat sink mounted semiconductors 
must be installed with the proper insulators, 
hardware and thermal mounting compo- 
nents as originally used. Low-power devices 
should be installed carefully, noting the 
amount of heat used for soldering, lead 
strain, and cleaning. Coated printed circuit 
boards should be thoroughly cleaned, then 
recoated. 


When testing a unit which has been re- 
paired, it is good practice to run the supply 
voltage up from zero with a variable trans- 
former. As line voltage is slowly applied 
any serious defects which remain may be 
noticed soon enough to prevent further 
damage by monitoring the input power 
on a wattmeter. The repaired unit should 
be tested to its original specifications. Cali- 
bration to original specifications will dis- 
close any additional shortcomings, or verify 
that the proper repair has been made. 

oO 
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Chapter 5 


Applications 


5.1. INTRODUCTION 


The following section has two aims: one Is 
to provide information and guidance to the 
engineer who plans to design his own servo 
system; and the second is to illustrate the 
considerations which relate to the applica- 
tion of servo systems, so that the engineer 
who plans to buy a complete system can 
have a better understanding of the problems 
involved. 


It is not possible to overstress the impor- 
tance of complete cooperation between 
customer and supplier when designing a 
special motor or system. In many cases 
both the customer’s engineers and the servo 
manufacturer’s engineers may find them- 
selves facing problems which are foreign to 
their previous experiences. For example, if 
the application is a knitting machine, the 
servo engineer may be confronted with prob- 
lems involving stitch formation and thread 
handling; while the knitting machine de- 
signer may be facing problems associated 
with supplying electronic interfacing with 
the servo system. This kind of situation 
cannot be avoided where a new technology 
is applied in a traditional industry; however, 
the difficulty need not be an obstruction. 
Electro-Craft’s experience as a_ principal 
manufacturer of servomotors and com- 


ponents for more than ten years has shown 
that when a high level of cooperation exists 
the chances of an application project being 
mutually successful are high. 


5.2. SYSTEM CLASSIFICATION AND 
SPECIFICATION 


More and more industries remote from the 
technology of electronics and servo systems 
are making use of the many advantages that 
DC servo systems can offer. In many cases, 
difficulty occurs in communication between 
a design engineer in such an industry and 
the servo systems designer. This section is 
intended to show how a potential user can 
examine his application, pick out the impor- 
tant performance criteria and describe them 
In terms meaningful to the servo designer. 


5.2.1. CLASSIFICATION 
Controlled Variable 


An important step in examination of a 
system is /dentification of the controlled 
variable. By definition, a servo system 
monitors the condition of an output vari- 
able, comparing it to an input command 
and making adjustments to maintain an 
equality. 


5-1 


The most common output quantities used 
as controlled variables are: 


1. Position 
2. Speed 


3. Torque (or force) 


It is possible for a system to have more 
than one controlled variable, or for a sys- 
tem to switch from one variable to another 
during operation. Identification of the con- 
trolled variable is not always as straight for- 
ward as it might appear. For example, 
consider a drive system used to synchronize 
an audio tape recorder with a movie camera. 
At first, it would appear the purpose of the 
drive is to keep the speed of the tape re- 
corder exactly equal to the speed of the 
camera. Closer study will show that the 
correct approach is to control the relative 
position of the two drives to ensure that 
the appropriate sounds occur while the 
correct picture is being projected when the 
film is played back. If this is done, the 
speeds will automatically be equalized. 


The following are examples of controlled 
variables in typical applications: 


line printer metering pump] reel drive 


(constant tension) 


teleprinter crystal grower | muscle exercizer 


machine tool 
(x—y) 


matrix printer 


blueprint weighing machine 


machine 
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Operating Mode 


A servo system operates in one of two 
modes: incremental or continuous. 


The incremental mode of operation is de- 
fined as the mode where the input com- 
mand causes the controlled variable to 
change its value in discrete steps, with a 
brief static condition occurring between 
each step. 


The continuous mode is one where the input 
command signal causes the controlled vari- 
able to remain constant, or to change in a 
linear (rather than step) mode. 


Examples 


Incremental 


Continuous 


isi [oe ee 


energy chopper 
laboratory stirrer 


The digital tape transport is an example of 
a dual mode system. During normal reading 
the capstan drive motor moves the tape in 
discrete variable length steps, but during re- 
winding — or when scanning through a 
length of tape — the speed is held constant. 
The system, therefore, can operate in both 
incremental and continuous modes. 


Load Classification 


Loads can be:classified under two headings. 
The first describes the kind of the motion, 
either rotational or linear. The second 
describes the means of coupling the load to 
the motor (capstan, lead screw, belt, gears, 
etc.). 


5.2.2. SPECIFICATION 


When the above classifications are estab- 
lished for a particular application, the next 
is the specification of performance. The 
way in which this is done will vary with the 
system classification. 


Incremental Mode Systems 


The most common incremental mode sys- 
tems are position systems. 


Their function is usually to move a load 
from one position to another, by steps. 
The steps may be of varying length, or may 
occur at different repetition rates. A ve- 
locity profile must be drawn to describe 
the motion accurately (Fig. 5.2.1). 


Vmax 


Peak speed- — — -—— —_ 
{ . 


ee fa ee ae et ee 


Y 
Deceleration displacement | 


Run displacement 


| 
| 
| 
| 
| 


Acceleration displacement | : _ 
- be tq eke , “tr mle era 
Fig. 5.2.1. Velocity profile diagram. 


The velocity profile diagram represents the 
motion of the load during one increment. 
Where the peak velocity v ,, is not fixed 
by other requirements, it should be selected 
to make ttt; which minimizes motor 
heating. If the system is an extremely high 
performance drive, a time interval of ap- 
proximately 1 or 2 ms should be subtracted 
from the motion time and added to the 
dwell time to allow the system to settle 
after each step. 


The units used for speed and displacement 
description will depend on the load classifi- 
cation. 


lf there are several different types of steps 
which the system is required to execute, a 
velocity profile must be drawn for both the 
average and the worst cases. An explanation 
of how the step varies is also required. 


Next, motor velocity profiles should be 
drawn. This will use the units [rad/s] for 
speed and [rad] for angular displacement. 
These represent the motion which the mo- 
tor has to execute to drive the load through 
the previously established profiles. To draw 
these profiles, one simply applies the various 
gear and coupling ratios used to the original 
load velocity profiles. A section covering 
selection of optimum coupling is presented 
earlier in this book (section 4.8.). 


NOTE: Where the coupling type or ratio is 
not fixed at the time of writing the specifi- 
cation, it is good policy to leave them open 


and supply the servo designer with load 


velocity profile diagrams. This gives the 
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designer maximum flexibility in selecting a 
motor, and prevents the possibility of the 
coupling ratio forcing the designer to use a 
motor of higher cost than necessary. 


Load Description 


All loads will possess the following pro- 
perties: inertia, friction and viscous friction. 
Values for each of these should be given. 
Also, if the load is coupled to the motor 
by a method other than direct mounting on 
the motor shaft, each component of the 
coupling system will possess these three pro- 
perties, and their values must be given. All 
of these values will be used to calculate the 
moment of inertia, friction torque and 
viscous damping factor as reflected to the 
motor shaft by the coupling system. 


Accuracy 


Accuracy is defined as the deviation of the 
controlled variable from the desired level. 
Accuracy specifications divide into two 
categories: short-term and long-term. 


Short-term accuracies are normally defined 
by the system design, and include such 
factors as gain, line densities on encoders, 
bandwidth and motor mechanical features. 


Long-term accuracies are normally con- 
trolled by the system component. design, 
temperature coefficients of tachometers 
and operational amplifiers, etc. To meet 
long-term accuracy specifications, the sys- 
tem designer employs component selection 


and compensation techniques. Values of 
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required accuracies are needed to determine 
the type of feedback transducer and other 
system components. 


Continuous Mode Systems 


The function of a continuous mode servo 
system is to maintain the value of the con- 
trolled variable constant against externally 
and internally introduced disturbances, and 
to execute changes in the value of the con- 
trolled variable when so commanded. Gen- 
erally, the execution of intentional changes 
in the value of the controlled variable in a 
continuous mode system will either be made 
at a relatively low response rate, or the 
speed of response will not be a critical 
parameter. In either case, the torque re- 
quired to accelerate or decelerate the load 
will not be a significant factor. 


However, to ensure that an exception is not 
overlooked, it is wise to specify worst case 
and typical acceleration and deceleration 
rates: and, where applicable, repetition rates. 


For a typical continuous mode servo sys- 
tem, the following data will be required. 


load Description 


Inertia, friction and viscous friction data 
for the load and coupling mechanism will 
all be required exactly as for the incre- 
mental system. Special attention is required 
to evaluate all impulse type loadings which 
may be generated in gears and bearings. 


Disturbances 


Any impulse loading, whether generated in- 
ternally or externally, should be included in 
this category. The important factor is the 
maximum impulse loading that the system 
will see. This may be one force or the sum 
of several forces. The customer needs to 
specify the peak value of the force, the 
duration and the average repetition rate. If 
the impulses are periodic, a graph similar to 
Fig. 5.2.2. showing a typical cycle, would be 
helpful. 


Fig. 5.2.2. Periodic load disturbance. 


Although all the above information may be 
essential for complex high accuracy systems, 
the majority of systems will only require a 
statement describing the maximum value of 
impulse torque. 


Error Size and Recovery Time 


The maximum error size is the maximum 
value of instantaneous speed (or position) 
deviation due to the occurrence of a load or 
system disturbance. It should be expressed 
as a percentage of set speed (or position). 


The recovery time describes the time the 
system takes to recover to the set speed or 
position after the disturbance ceases. A 


useful way to express this is the time the 
system should take to correct 63.2% of the 
error after the impulse force is removed. 
This is illustrated in Fig. 5.2.3. 


~« Recovery time — - 
Controlled variable 
ame 


c +at vermm were nme eee — = 
lOO%e 


Disturbance 


Fig. 5.2.3. System recovery. 


Drift 


Drift is a long term error due to changes in 
the temperature and other conditions of the 
system components. It should be expressed 
as the maximum percentage variation from 
the set level per unit of change in the 
temperature or alternative condition. 


General Specification for Incremental 
and Continuous Servo Systems 


In general, for both incremental and con- 
tinuous mode systems, the following infor- 
mation should be provided: 


a 


. Operating ambient temperature range 

. Operating ambient humidity range 

. Environment, i.e. laboratory, tndustrial, etc. 
. Available power supplies 

. Physical size and weight limitations 


. Life requirements 


Oo oo -& W ND 
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In addition, as much information as possible 
should be given regarding the operation and 
use of the final machine. Although the 
relevance of such information may not be 
apparent at first, it serves to make the servo 
designer as familiar as possible with the 
application. A complete understanding of 
the customer’s machine is an invaluable 
advantage. 


Cost 


In general, the advantage of using a DC 
servo system is that higher performance, 
better reliability and improved market- 
ability of the final product can be obtained 
at a lower cost than by upgrading more 
traditional devices. A typical relationship 
between cost and performance is shown in 
Fig. 5.2.4. | 


Performance can be speed, accuracy, reli- 
ability or any other part of a specification 
which presents a significant design problem. 


Cost 


DC servo systems 
including stepping systems 


Mechnical systems 
——pe Performance 


Fig. 5.2.4. Relationship between cost and perfor- 
mance of servo systems. 


The exact points where the alternative 
methods become uneconomical will vary, 
depending on the application and what the 
user defines as performance. It is true that 
in any application where the aim of the 
designer is to increase the marketability of a 
product by increasing its capabilities beyond 
present standards, then utilization of a DC 
servo system should always be investigated. 


O 


DC servo 
systems 


5.3. MOTOR SELECTION CRITERIA 
5.3.1. INTRODUCTION 


There is no known formal procedure for 
the optimum selection of a PM servomotor. 
One reason is that optimum is difficult to 
define. Here, optimum will be defined as 
the most economical choice which satisfies 
specifications. No matter what choice is 
made, it is important to understand how it 
affects the selection of adjacent system 
components, and to determine if the select- 
ed motor is adequate. 


The following is a discussion of PM servo- 
motor selection factors and analytical meth- 
ods for analysis of the selected motor. 


5.3.2. WHEN TO SPECIFY 


The motor, drive train, and power supply 
should be given simultaneous consideration 
as early as possible in the system design 
process. It is a mistake to delay motor 
selection. Severe compromises may be re- 
quired if the choice is limited by the 
remaining available space, or if the drive 
train and amplifier are fixed without having 
considered their effect on motor selection. 
For example, the moments of inertia of 
solid cylinders of homogenous materials 
(shafts, gears, pulleys) of equal length vary 
as the fourth power of diameter. Therefore, 
early consideration should be given to the 
materials and the geometry of these ele- 
ments, because the motor and amplifier size 
will depend on it. 


5.3.3. WHAT TO CONSIDER 


A thorough description of the application 
should be given. This information is re- 
quired to select the most suitable motor 
type with the proper ratings and design 
features. The information which is required 
to make this decision is given below. Later, 
there appears a detailed discussion of how 
the information is used. 


1. Load Analysis 


A thorough analysis of the machine loading 
is required. The analysis will not only help 
in the selection of the motor, but may also 
suggest design options which could lead to a 
more economical design approach. 


Friction loads should be described from 
actual measurements, if possible. A plot of 
load torque vs. speed over the entire oper- 
ating range is useful to evaluate viscous 
loading. Inherent design imbalances (i.e., 
eccentrics) should be described completely. 
The cyclical actuation of brakes, cams, 
clutches, or random disturbances on the 
system should be described as accurately as 
possible. 


Inertial loads should be described. It is 
instructive to separate load moment of 
inertia into its component parts to identify 
the most significant sources. 


A velocity profile should be described for 
each operational mode. The object of 
examining each operational mode is to 
determine what constitutes ‘worst case’ 
operation. 
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2. Environmental Conditions 
The following should be specified: 


Temperature range. 
Altitude 
Humidity range 


Presence of airborne contaminants, chemical 
fumes, etc. 


Shock and vibration 
3. Mechanical 


The selection of all interfacing mechanical 
components should be given: consideration 
to assure compatibility with the motor: 


Heat sinking can have a dramatic effect not 
only on the motor, but also on the driven 
load. Good design practice will allow for 
proper heat conduction away from tempera- 
ture sensitive machine members, as well as 
away from the motor. 


A coupling method should be selected to 
prevent damage to the motor due to axial 
or radial forces. Conversely, motor shaft 
end play, radial play, and concentricity 
should be considered to assure proper 
mating to the load. 


Motor mounting position should be speci- 
fied. 


Shaft radial and axial loads should be de- 


scribed, including both magnitude and direc 
tion. | | 
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Resonance problems can be avoided by 
closely coupling all elements of the drive 
train. Direct coupling is normally more 
economical, quieter and less prone to re- 
sonance problems. 


4. Life 


An indication of the desired life should be 
given. There is no analytical method for 
calculating motor life. But we do know that 
motor life isa complex function of: environ- 
ment (temperature, altitude, humidity, air 
quality, shock, vibration, etc.), design (com- 
mutation design, bearing design, etc.), appli- 
cation variables (shaft loads, velocity profile, 
current form factor, etc.). The only con- 
clusive method of determining motor life 
for a specific application is to perform life 
tests on an actual machine under rea/ oper- 
ating conditions. It is always good policy 
to perform life tests, providing that the test 
conditions are realistic. Attempts to simu- 
late machine loads or alter the velocity pro- 
file for accelerated life tests can yield mis- 
leading results. 


5. Efficiency 


The PM motor is the most efficient type 
of electrical motor. However, in applica- 
tions where the motor is operated about 
stall, or in an incremental mode, output/ 
input power ratios are not primary con- 
siderations. In applications in which the 
motor is operated in the torque mode, 
output speed is zero; therefore, efficiency Is 
zero by definition. For incrementers, a 
large portion of the output power is con- 


sumed changing the system energy during 
acceleration and deceleration. 


6. Motor Type 


PM servo motors are available in five basic 
configurations: torque, conventional iron 
core, surface wound, “‘printed’’ armature 
and moving coil. An attempt to make a 
relative comparison of them is given in 
Tab. 5.3.1. For certain, contradictions to 
the table exist because of the variation of 
performance available from each type. There 
perhaps should be an additional comparison 
made which indicates the design flexibility 
of each type: armature winding, commuta- 
tion system, magnetic circuit, etc. Some 
types can be modified more easily and 
extensively than others to cause signifi- 
cant changes in all of the performance 
factors listed in the table. 


For example, the low speed performance 
of an iron core motor can be altered 
significantly by: adding skewed pole shoes, 
skewing the lamination stack, increasing 
the number of commutator.bars and/or 
changing the lamination design, etc. In 
fact, iron core type motors may be the 
most flexible in terms of design features and 
the most versatile in terms of being capable 
of operating satisfactorily in a variety of 
modes. Each of the other types could be 
considered as having evolved from it, with 
features designed to satisfy the more special 
demands of a specific class of applications. 


5.3.4. SELECTION ANALYSIS 


The initial selection of a motor for a 
specific application is usually based on an 
educated guess, considering the selection 
factors discussed in the preceding para- 
graphs. The type is determined after 
weighing the relative importance of the 
characteristics of each type. The size is 
estimated after making a quick calculation 
of the required output. The choice can be 
analyzed by considering the following: 


1. Thermal Effects 


The ultimate winding temperature is a pri- 
mary consideration for every motor applica- 
tion. The calculation of armature tempera- 
ture is derived below. The derivation is 
based on the assumption that temperature 
rise is proportional to the product of power 
dissipation and armature-to-ambient thermal 
resistance. 


Input power 
P= VI, [W;V,A] (5.3.1) 
Motor voltage 
V=R,1, + 0.7395 K>n (5.3.2) 


[V; 92, A, oz-in/A, krpm] 


R,,, the motor terminal resistance at the 
operating temperature is given by 


R, =R (1+ yO) (5.3.3) 


where ©, is the temperature rise. 
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OLS 


Characteristic 


Construction 
| (typical) 


Moment of inertia 


Electrical time constant 


High speed performance 


Armature thermal time constant 
—Torque/inertia ratio 
Relative cost 


Brush springs type 
Brush orientation 
Commutator radius 


Internal damping losses | medium | 


average short 


Alnico Alnico/ceramic | Alnico/ceramic | ferrite/Alnico 


Tab. 5.3.1. Motor type comparison. 


Surface | : | 
ro wound | 


very smail 


small | 


very short 


| very high 


Alnico 


Combining (5.3.2) and (5.3.3) with (5.3.1) 
gives: 
P=RI7+RI7y © +0.73951. Kn 
i a a r = a’‘T 
(5.3.4) 


The output power P,, is given by 
te 0.7395 Ton (5.3.5) 
[W; oz-in, krpm] 


where T, is the motor output torque. The 
power dissipation equals 


- _~p 2 2 
Pi ee RI+RI yO, + 
+ 0.7395 n (Ky 1, — T,) (5.3.6) 


The temperature rise ©, is then given by 


2 
2 
1— RIO Wy Rep 
(5.3.7) 


The term (K;1,—T,) may be recognized as 
the difference between internally generated 
torque and output torque. This difference 
is due to internal friction losses (brush, 
bearing, viscous, etc.). For many applica- 
tions this term can be ignored without 
significantly affecting accuracy. The term 
I, in (5.3.7) is the RMS value of armature 
current, calculated from the given velocity 


profile and other system parameters. 


It is not always obvious what constitutes 
“worst case’’ operating conditions. If the 


machine is cycled in a variety of operational 
modes, temperature rise should be cal- 
culated for each mode to establish what 
constitutes worst case. 


If the motor selected on the first try is 
limited because of temperature rise, the 
following options may be available: forced- 
air cooling, increased heat sinking, relaxed 
performance specifications, reduced loading 
(moment of inertia, friction, viscosity, etc.) 
Each of these options has drawbacks. 
Forced-air cooling may be provided by 
static type blowers which direct air axially 
or radially over the armature; a fan type 
which directs air over the external housing; 
or an impeller attached either internally or 
externally to the housing. 


High pressure static blowers are in some in- 
stances more costly than the motor. They 
require added space, and they produce 
noise. Forced-air cooling is generally limited 
to cases where an air supply is already avail- 
able. Directing a small amount of air over 
the housing by a fan is reasonably effective 
for constant power output applications; but, 
since the most motors armature-to-ambient 
thermal time constants are relatively long, 
there will not be good short-term overload 
protection. Impellers are not generally at- 
tached to servomotors because they in- 
troduce additional inertial and viscous load- 
ing — which defeats their purpose. Proper 
attention should always be given to the 
natural heat sinking available by mounting 
the motor to a good thermal conductor. 
Low inertia motors are especially suscepti- 
ble to armature failures which are caused by 
short-term high loads. If an overload is 
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imposed for more than several thermal time 
constants (armature-to-housing), trouble can 
be expected. If it is anticipated that over- 
loading will occur, the best method for pro- 
~ tecting the armature is to provide forced-air 
cooling. 


2. Acceleration Effects 


Motor demagnetization can occur if the 
required acceleration current exceeds the 
motor pulse current rating. Caution should 
be observed when the calculated value of 
acceleration current approaches the rated 
limit. Acceleration current is: 


7 


_ -g max 


I 
max 
Ky 


(5.3.8) 
min 

where Ky, is the minimum value of 
K;, specified at 25 °C and derated by 
0.2%/°C or 0.05%/°C of magnet tempera- 
ture rise for ceramic and Alnico magnets, 
respectively. Demagnetization can be avoid- 
ed by: limiting amplifier current, relaxing 
performance specifications, reducing the 
shaft load (moment of inertia, friction, 
viscosity), or selecting another motor. 


lf the motor selected has a /ong electrical 
time constant that is long compared to the 
specified response times, the motor will be 
unsuitable for the application. A general 
rule of thumb is that the motor electrical 
time constant should be not greater than 
one-fifth of the minimum allowable time 


required for speed changes. If the motor | 


electrical time constant is a limitation, a 
different motor will have to be considered. 
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3. Power Supply Effects 


If the power supply has already been 
specified, calculations should be made to 
determine if sufficient current and voltage 
are available. If the power supply has not 
been designed, the voltage and current re- 
quirement must be defined. 


Maximum required current is defined by 
(5.3.8). Maximum torque I, max ‘must be 
determined by examining the load and ve- 
locity profile to determine when the maxi- 
mum combination of acceleration torque, 
friction torque, and viscous torque occur. 


If insufficient current is available, the fol- 
lowing options may be considered: 


@ Select a winding with a higher K-; 
@ Couple the load through a gearhead 
to increase the torque delivered to the 


load; 


® Select a larger motor with a higher 
KS; 


@ Reduce the load by minimizing mo- 
ment of inertia, friction, and viscosity. 


The maximum required terminal voltage 
is given by: 
max 


T 
= g max ’ 
V = “Ke. Ry + 0.7395 Ky MN nax 


[V; 0z-in,Q,0z-in/A, krpm] 


(5.3.9) 


It may not be obvious if the maximum or 
minimum value of Ky, should be used to 
evaluate Voy - Therefore, K’+ is intended 
to indicate whichever value of Ky that 


results in Maa Both maximum and mini- 
mum values of K;, should be considered 
and the one selected which results in the 
maximum voltage. | Oo 
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5.4. APPLICATION OF MOTOMATIC 
SYSTEMS 


The first problem the designer faces is the 
selection of a basic motor and control sys- 
tem. Next, he must choose a controller 
with the needed features. The system 
selection will principally be based on re- 
quired speed and torque. 


Applications in this category usually have 
three characteristics: (1) system acceleration 
and deceleration characteristics are not criti- 
cal, i.e., they can be measured in time 
intervals of tenths of a second rather than in 
milliseconds; (2) speed should be held con- 
stant at the set value over a wide range of 
load torques; and (3) the speed should be 
controllable over a relatively broad range, 
say 10:1 to 1000:1. Applications fitting 
these categories are numerous; and while 
the transistor speed control solution may 
not always be as apparent to potential users 
as other drive methods, in sections 5.5. and 
5.6. we will present a variety of successful 
applications which demonstrate the versa- 
tility of the transistorized control system. 
While a speed controller for a silicon crystal 
puller may not seem likely to be similar to 
one for a blood cell separator, from the mo- 
tor viewpoint they are just the same. Once 
your machine requirement is analyzed from 
the control system viewpoint, motor and 
control selection is considerably simplified. 


To select the optimum motor and speed 
controller for your apparatus, you need to 
know the following: 
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1. Speed range required 
2. Output torque required 
3. Maximum ambient temperature 


4. Other features needed (speed meter, 
torque meter, reversing switch, dy- 
namic braking, 1—turn or 10—turn 
speed control potentiometer, etc.) 


5.4.1. SPEED RANGE 


The speed range must be exactly deter- 
mined. It is necessary to determine whether 
it is preferable to employ a direct-drive 
motor or to use a gearhead. For example, 
if the load speed range is 0.1 rom to 10 rpm, 
it is apparent that a 100:1 ratio gearhead 
would change the motor speed range to 
10 rpm to 1000 rpm. _ Better still, a 
200:1 gearhead would place the motor 
speed range at 20 rpm to 2000 rpm — a 
region of better speed stability. 


A brief explanation at this point will clarify 
how to select the operational speed range 
that will result in optimum speed stability 
and regulation. The speed stability and 
regulation properties of a speed control 
system depend primarily on the “‘signal-to- 
noise’ level of the feedback voltage. In 
the upper portion of the speed range, the 
feedback signal is much larger than the noise 
voltages generated in the amplifier, wiring 
and tachometer. However, as the speed is 
decreased toward the lower end of the 
available speed range, noise signals tend to 


become increasingly prominent. This is a 
physical fact which limits any analog feed- 
back system. 


Many times engineers consider using Moto- 
matic systems to operate continuously in 
the lowest portion of the available speed 
range, simply because this would permit 
use of the output shaft in a direct-drive 
fashion without any gearing. While this 
may seem at first to be practical, the result 
would be the minimizing of available speed 
stability. If high speed stability and regula- 
tion are important, the proper solution is to 
insert a speed reduction between the motor 
and the load — thereby using a motor 
speed range which will yield best perfor- 
mance. Fig. 5.4.1 presents the speed-torque 
characteristics of a Motomatic E-650 speed 
control with regulation contours, showing 
that the optimum performance range is 
between 50 and 2000 rpm. _ ‘This is the 
range in which one should strive to keep 
control applications, especially when high 
performance is a factor. 


There are, of course, special applications 
where a primary machine operation must 
be performed in the very low end of the 
speed range, with occasional excursions into 
the high speed range. An example of this 
performance requirement is microfilm scan- 
ning, where a high speed search for the 
general area is followed by visual scanning 
in a very low speed mode — where any 
speed instability would be optically magni- 
fied, making visual scanning difficult. In 
such Instances, design features are incorpo- 


Shaded area: 
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Fig. 5.4.1. Typical Motomatic E-650 speed-torque 
characteristics with regulation contours. 


rated in the tachometer and amplifier to 
minimize instabilities due to ultra low speed 
operation. 


5.4.2. QUTPUT TORQUE AND AMBIENT 
TEMPERATURE 


For determination of torque requirements 
of the load, two questions must be asked: 


1. Ils the precise time which the motor 
takes to accelerate or decelerate the 
load a critical factor? 


2. Does stopping and starting occur fre- 
quently? 


If the answer to either of these questions is 
yes, then the torque required to accelerate 
the load must be calculated, and the system 
selected to provide this torque. If both 
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answers are no, then the maximum running 
torque is the rated torque required from 
the system. 


Gear ratio selection must also be based on 
the required output torque. After the 
motor output torque figures have been ad- 
justed for ambient temperature conditions 
(Fig. 5.4.2), the adjusted maximum torque 
can be multiplied by the gear ratio to get 
the theoretical output torque. The effi- 
ciency of gearheads varies between 60—70% 
for worm gearheads and between 75—85% 
for spur gearheads. We can arrive at a 
practical output torque figure by multiply- 
ing the theoretical torque by the efficiency 
figure. We must also consider the maximum 
torque capacity of the output gear. This is 
usually the limiting case in applications in- 
volving very high gear ratios. 


50% 


Effective output torque 
compared with rating 


O a et a eens 
had © ° 
Ambient temperature ee 


Fig. 5.4.2. Temperature derating curve for Moto- 
matic motor-generators. 


For example, consider the case of an Electro- 
Craft E-650 motor rated at 5 Ib-in with a 
1000:1 gear ratio, and an efficiency figure 
of 80%. The theoretical possible output 
torque would be calculated as follows: 
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T,, = 0.80 x 10° x 5 = 4000 Ib-in 


but the maximum allowed output torque 
shown in the selection guide for this gear- 
head in Tab. 5.4.1 shows a maximum 
allowed continuous torque of only 80 Ib—in; 
i.e., 1/50 of the possible torque at the out- 
put shaft. 


If such a hypothetical gearhead-motor com- 
bination were stalled on the output side, 
the continuous torque rating could be 
exceeded by a factor of 20. In such a case, 
the gearhead would probably break, unless 
the torque limiter had been adjusted to 
hold the maximum input torque to a pro- 
tective value. 


E-550 MGHP (Precision Gearhead) 

| Ratio _—| 10:1 | 30:1] 50:1] 100:1| 500:1 | 
Maximum 

Output 6 20 

Torque [Ib-in] 


E-550 MGHD (Heavy-Duty Gearhead) 


[Ratio | 8:1] 10:1] 60:1] 100-1 [200 [600% [1000] S000 


Running 
Tous (teat Eck ss cia ad Le 


E-650 MGHR (Right Angle Gearhead) 


et [ 101] 20:1] aoa] 40.1 | 


Maximum _ 
Output 
Torque [lb-in]} 


E-650 MGHS (Standard Spur Gearhead) 
[Ratio [0:1 [100-1] 20:1] S00 [10003 
Running | 27 

Torque [lb-in] 


Tab. 5.4.1. Motomatic gearheads data. 


Another factor which has to be considered 
is the effect of inerital loads on the gear- 
head. Because of the high acceleration and 
deceleration potential of a Motomatic mo- 
tor-tachometer, it is relatively easy to in- 
duce high peak forces in the gearhead — at 
times high enough to break a gear tooth. 
If the application indicates that high inertia 
loads, input forces or overhung loads are 
apt to cause problems, contact Electro- 
Craft’s Customer Engineering Department. 


Figs. 5.4.3 and 5.4.4 illustrate motor speed 
ranges vs. torque for Motomatic systems 
with example reduction gear ratios. 


Having determined the speed range and 
maximum torque requirements, the load 
characteristics can be superimposed on the 
system performance graphs (see Fig. 5.4.1) 
and the correct system selected. 


5.4.3. SPEED REGULATION AND STABILITY 


The terms “‘speed regulation’ and ‘‘speed 
Stability’’ can sometimes cause misunder- 
standings between motor manufacturers and 
system designers. 


Speed regulation is defined as the change of 
motor speed due to a change in output 
torque. Thus, at Electro-Craft, a change of 
motor speed from 1000 rpm at no-load to 
990 rpm at full torque is considered 1% 
speed regulation. This is a most important 
distinction. At Electro-Craft, we rate speed 
regulation as a percentage of ‘set speed”’. 
Most controller specifications define it as a 
percentage of ‘‘top speed’’. This distinction 


Output shaft speed [rpm] 


5000 
Direct drive 
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1000 0:1 ratio 
. ; 


50: lratio 

100 
50 
20 
10 
5 

2 
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0.5 
0.2 
0.1 

| 10 100 500 !000 


Torque [oz-in] 


Fig. 5.4.3. Operational contours for E-550 speed 
control system with various gear ratios. 


becomes most important at the low end of 
the speed range. Thus, a 10 to 3000 rpm, 
1% speed regulation Electro-Craft Motoma- 
tic controller at, say, 100 rpm may slow 
down to 99 rpm at full load torque. A 
conventional controller with a 1% speed 
regulation may slow down to 70 rpm (100 
rom — 1% of 3000 rpm top speed). Almost 
the same specification; quite a difference in 
actual performance! 


As shown in Fig. 5.4.1, these regulation 
figures vary with the operational speed 
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range. The regulation values for speed 
control systems should not be compared 
with open-loop motor speed regulation con- 
stant (R,,) discussed in Chapter 2. The 
reason why the system speed regulation is 
so much better than the motor speed regu- 
lation is that the tachometer and the ampli- 
fier minimize the regulation effect by the 
feedback connections. 


Speed stability is a term consisting of two 
basic parts: short-term stability, covering 
such disturbances as oscillation, ‘‘jitter’’ and 
electrical noise “‘pickup’’ induced velocity 
errors; and long-term drift velocity errors, 
usually due to amplifier input stage drift 
and temperature-induced tachometer gra- 
dient changes. The latter effect is discussed 
in section 2.11. | 


The short-term effects, such as oscillations 
and jitter, can either be caused by the con- 
trol system itself, or be induced by the load 
or the coupling between load and motor. 
Motomatic control systems are compensated 
to exhibit good speed stability over a wide 
range of speeds, and over a wide range of 
load conditions. It sometimes happens that 
a large inertia load is coupled to a motor- 
tachometer through a compliant (springy) 
coupling or through gears with backlash, 
and the result is that some instability will 
be noticed at certain speeds. This problem 
can usually be corrected by minimizing the 
| offending condition. 


Systems requiring a high degree of speed ~ 


stability over a very wide speed range may 
sometimes experience unacceptable instan- 
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Fig. 5.4.4. Operational contours for E-650 speed 
control system with various gear ratios. 


taneous speed variations (ISV) due to the 
magnetic coupling between the motor and 
tachometer windings. These ISV’s occur 
because the bifilar winding of the Motoma- 
tic motor-generator acts as an electrical 
transformer, superimposing disturbances 
Originating in the motor winding on the 
tachometer output. These disturbances 
normally occur outside of the frequency 
response of the system and have little effect. 
However, there are critical speeds at which 
the disturbances can cause measureable 
ISV’s. The remedy for this situation is to 
use a motor with a tachometer generator 
mounted on the same shaft, but isolated 


electromagnetically from the motor wind- 
ing. Such motors would be the E-576 asa 
substitute for the E-550 MG, and the E-676 
as an alternative to the E-650 MG. This 
phenomenon is not usually significant, and 
can be ignored by 95% of users; but if a 
user believes that his system would be 
sensitive to such effects, he should contact 
the factory for advice. 


The long-term drift is usually very small, 
since the Motomatic amplifier input stage 
has either temperature-matched differential 
input transistors or integrated circuits which 
serve to minimize drift. 


The tachometer temperature coefficient 
errors are predictable, since for a given 
tachometer the maximum temperature co- 
efficient is defined. When temperature con- 
ditions are known, it is a simple matter to 
predict the resulting errors. !n cases where 
long-term errors cause problems, it is possi- 
ble to provide air cooling of the tachometer, 
a heat radiator, or other means to minimize 
temperature effects. 


5.4.4. MOTOMATIC SPEED CONTROL 
FEATURES 


The outstanding standard features of Moto- 
matic motor speed control systems are: 


1. Wide speed range, 1000:1; 


2. High speed regulation accuracy, up to 
+1% of set speed depending on model; 


3. Smooth, low cogging output at all 
speeds; 


4. Small physical size; 


5. High reliability. 
In order to provide the greatest flexibility 
in adapting Motomatic systems to individual 
requirements, a number of features are 
offered, some of which are standard and 
others optional. Product description found 
in sections 5.4.5., 5.4.6. and in Chapter 6. 


lists which models contain particular fea- 


tures. A general description of what these 
features provide is given below. 


Speed and Torque Readout 


This is a meter which is calibrated to display 
either motor speed or output torque, as 
selected by a switch. This feature is supplied 
as standard on master controls and as an 
option for panel mounting of ‘‘open’’ con- 
trols. 


Dynamic Braking 


This technique is used in cases where a 
motor must be decelerated at a faster rate 
than load friction can provide. The dynamic 
braking feature consists of a load resistor 
which is automatically switched across the 
motor armature by a transistor circuit any- 
time the motor speed exceeds the control 
command. For example, if the load mo- 
ment of inertia in an application is high 
and the friction very low, deceleration time 
may prove excessive when the speed control 
command ts reduced. With dynamic braking, 
the deceleration time will be vastly im- 
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proved; the system will follow commands 
~ both in acceleration as well as in decelera- 
tion. © 


Reversing Option 


This feature consists of a switch which 
permits the selection of clockwise, stop, 
or counterclockwise operation. In the stop 
mode, the motor is dynamically braked by 
insertion of a resistor across the armature. 


Adjustable Torque Limiting 


This feature consists of a potentiometer 
which can be adjusted to provide a limit of 
the maximum output torque to any desired 
value. For example, if the load were such 
that it could be damaged by excessive motor 
torque, an adjustment of the torque limiter 
to a value below that in which damage could 
occur would provide the needed protection. 
The torque limiting circuit is completely 
automatic, and has a response time of a few 
milliseconds. 


Remote Control Input 


The speed setting or command may, in some 
applications, need to be controlled auto- 
matically from an external source rather 
than by the operator. Most Motomatic 
systems have a remote control input which 
can serve either of two functions: (1) speed 
can be controlled from any sensor whose 
Output is a DC voltage sufficient to cover 
the needed input range, and (2) the speed 
adjustment potentiometer or selector switch 
can be panel-mounted at a separate location 
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from the controller. Accompanying the 
remote input is a regulated voltage supply 
so that the remote input sensor can be as sim- 
ple as a variable resistor, thermistor, photo- 
cell, linear potentiometer, etc. 


5.4.5. SERIES E-550 MOTOMATIC CONTROLS 


Fig. 5.4.5 shows an Electro-Craft E-550 
control. The E-550 series controls have the 
following features: 


Basic specifications: 


Torque 10 oz-in continuous, speed 
range 5—5000 rpm. 


Master controls only: 


Electronic tachometer: \ndicates mo- 
tor speed in revolutions per minute. 


Electronic torgquemeter: \ndicates mo- 
tor load torque in ounce-inches. 


Fig. 5.4.5. Electro-Craft E-550 Master Control 


Remote input: A provision for con- 
trolling motor speed by an external 
potentiometer or by a DC voltage 
derived from any source. 


Master and Standard controls: 


Reverse-brake switch: Reverses motor 
rotation through a center stop-brake 
position. 


E-550 Front Control Panel 


Power switch — this switch connects or dis- 
connects the 115 VAC line for the control. 


Power light — when this light is on, tt indi- 
cates the power switch is in the ON posi- 
tion, and that the fuse and circuit breaker 
are normal. 


Reverse-stop switch — this switch permits 
reversing of the motor through a center 
brake position. In the brake position, both 
the motor and generator leads are shorted 
through a current limiting resistor, bringing 
the motor to a stop in less than 0.5 s from 
full soeed under no-load conditions. 


Speed adjust contro/ — this is a linear single 
turn potentiometer used to set speed be- 
tween O and 5000 rpm. 


Scale selector switch and meter — with the 
scale selector switch in the O—5000 rpm 
position, the meter will indicate within 5% 
the speed of the motor in revolutions per 
minute. With the scale selector switch in 


the OQ—12 oz-in position, the meter indicates 
the motor output torque within 10% of 
reading. 


E-550 Rear Control Panel 


Motor-generator connector — located in the 
lower left hand corner of the chassis. 


Meter calibration control — this potentiom- 
eter is used to calibrate the tachometer to 
correctly indicate motor speed. To cali- 
brate, use a strobe light locked to the line 
frequency at 3600 rpm and set motor speed 
at 3600 rpm. Loosen locknut on potentio- 
meter, adjust meter to read 3600 rpm. Spot 
check at other speeds, and divide error if 
necessary. 


Fuse — this is a 0.75 A slow blow fuse in 
series with the AC line. 


Circuit breaker — this isa2 A circuit breaker 
in series with the motor designed to prevent 
prolonged overloads of the motor and con- 
trol. 


Remote input switch and jacks — with the 
command switch in the remote position, 
the remote control jacks are switched into 
the circuit and the front panel control is 
switched out. Speed can be controlled by: 
(1) remotely placed potentiometer 5 to 
10 k&; (2) a O—20.5 VDC signal with a 
5 to 10 k{2 source impedance; (3) selector 
switch. 


Remote control connections are shown in 
Fig. 5.4.6. Examples of control voltage/ 
speed relationships: 
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Mode | Mode 2 


Red (-) Red 
©) (not used) 
Ry 
. Ro 
CW (increase) 
5 tolOkQ , 
2W (©) Yellow (©) Yellow (-) v se iaiecictcnce 
Rz 
+ 
Black Rn 
(common) 
(O) Black (©) Biack 
(common) (common) 
Remote Negative 0 to 20.5VDC Remote selector 


potentiometer 


5 to 10 kN source impedance switch (any number 


of discreet speeds) 


CAUTION: DO NOT GROUND REMOTE INPUT TERMINALS 


Fig. 5.4.6. Remote control mode connections for E-550 controls. 


20.5 VDC input produces a motor 
speed of approximately 5000 rpm. 


10 VDC input produces a motor speed 
of approximately 2500 rpm. 


E-550 Operating Instructions 


1. Make sure POWER SWITCH is in the 
OFF position. 


2. Insert the motor-generator plug into the 
jack on the rear panel. 


3. Connect the control L/NE CORD to any 
approved 115 V, 50/60 Hz, grounded 3-wire 
receptacle. . 
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4. Turn the SPEED ADJUST CONTROL 
to the counterclockwise stop. 


5. Place the COMMAND SWITCH (on the 
rear panel) in the VORMAL COMMAND 
position. 


6. Place the SCALE SELECTOR in the 
O—5000 rpm position. 


7. Place the REVERSE-STOP SWITCH in 
the STOP position. 


8. Place the POWER SWITCH in the ON 
position. Thered light just above the switch 
should light. If not, check the fuse and 
circuit breaker. 


9. Place the REVERSE-STOP SWITCH in 
the CW position and slowly rotate the 
SPEED ADJUST CONTROL clockwise. The 
motor shaft should rotate smoothly in a 
clockwise direction looking at the shaft 
end of the motor. The tachometer will show 
an increasing reading as theSPEED ADJUST 
CONTROL is rotated clockwise. 


10. Place the REVERSE-STOP SWITCH 
in the CCW position. The motor shaft 
should turn in a counterclockwise direction, 
looking at the motor at the shaft end. 


11. Place the SCALE SELECTOR in the 
O—12 oz-in position. As the load on the 
motor is increased, the torque meter will 
indicate an increasing reading. 


Figs. 5.4.7 and 5.4.8 are outline drawings 
of the E-550 Master and E-550 Open 
Controls. 


Installation 


When installing Electro-Craft motor-genera- 
tors on any application, the following pro- 
cedure should be carefully followed. 


1. Mount securely on a rigid foundation. 


2. Align all shafts accurately. The motor- 
generator shaft and the driven machine 
shaft should be in line as near perfectly as 
possible. Failure to maintain proper align- 
ment can result in excessive noise, oOver- 
heating and part wear. Flexible couplings 
can be used to compensate for slight mis- 
alignment. Care must be used in selection 


Fig. 5.4.7. Outline drawing, Electro-Craft E-550 
Master Control. 


Fig. 5.4.8. Outline drawing, Electro-Craft E-550 
Open Control. 
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of couplings, as any compliance in the 
coupling material may cause the control 
to sense a false change in load requirements. 
This can cause the motor speed to oscillate 
about Its setting. 


3. Observe all limits listed in the specifica- 
tions concerning maximum overhung loads, 
side thrust and end thrust. 


4. For best operation, the motor-generator 
should be mounted in an area where air 
circulation is available. 


Maintenance 


be 


No lubrication is required, or should be 
used. If the motor-generator is equipped 
with a gearhead, lubrication instructions 
provided by Electro-Craft and/or the gear- 
head manufacturer should be followed 
carefully. 


Under normal operating conditions, a 3000 
hour brush life can be expected. If brushes 
are removed, they must be replaced in the 
same brushholder with the same orienta- 
tion. If brushes are replaced, a 24 hour 
run-in period is recommended. Use only 
Electro-Craft brushes. 


Disassembly of the motor-generator is not 
recommended. If disassembly is absolutely 
required, please contact Electro-Craft before 
proceeding. 


5.4.6. SERIES E-650 MOTOMATIC CONTROLS 


Shown in Fig. 5.4.9, Electro-Craft E-650 
controls have the following features: 
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Basic specifications: 


Torque 5 Ib-in continuous; speed range 
3—3000 rpm. 


Master controls only: 


Dynamic brake — this circuit allows 
more rapid deceleration of motor 
speed. It essentially places a short 
circuit across the motor winding during 
a down speed command. It is less 
effective at speeds under 100 rpm. 


Fig. 5.4.9. Electro-Craft E-650 Master Control. 


Torque limiting circuit — this circuit is, 
in effect, an electronic clutch. By 
limiting the current to the motor at 
any preselected level, the maximum 
torque can be adjusted to prevent 
damage to the motor, control and 
driven equipment in the event of a 
jam or stall. 


Electronic tachometer — indicates mo- 
tor speed in revolutions per minute. 


Electronic torquemeter — _ indicates 
motor load torque in pound-inches. 


Remote input — a provision for con- 
trolling motor speed by an external 
potentiometer or by a DC voltage de- 
rived from any source. 


Master and Standard controls 


Reverse-brake switch — reverses motor 
rotation through a center stop-brake 
position. 


E-650 Front Control Panel 


Power switch — this switch connects or 
disconnects the 115 VAC line for the con- 
trol. 


Power light — when this light is on it indI- 
cates the power switch is in the OW position, 
and that the fuse and circuit breaker are 
normal. 


Reverse-stop switch — this switch permits 
reversing of the motor through a center 
brake position. In the brake position, both 
the motor and generator leads are shorted 
through a current limiting resistor bringing 
the motor to a stop in less than 0.5 s from 
full soeed under no-load conditions. 


Speed adjust contro! — this its a 1Q-turn 
potentiometer, and is calibrated to tndicate 
the percentage of top speed (3000 rpm) 
within 3%. 


Scale selector switch and meter — with the 
scale selector switch in the O—3000 rpm 
position, the meter will indicate the speed 
of the motor in revolutions per minute. 
With the scale selector switch in the O0—5 
Ib-in position, the meter indicates the motor 
output torque within 10% of reading. 


E-650 Rear Control Panel 


Motor-generator connector — \ocated in the 
rear lower left hand corner of the chassis. 


When the motor-generator is plugged into 


this connector, the lock should be turned 
so the connector cannot become disengaged 
through vibration or accident. 


Fuse — this isa 5 A, 250 V, 3 AG fuse in 
series with the circuit breaker and the AC 
line. 


Meter calibration control — this potentiom- 
eter is used to calibrate the tachometer to 
correctly indicate motor speed. To cali- 
brate, use a strobe light locked to line fre- 
quency at 1800 rpm and set motor speed 
at 1800 rpm. Loosen locknut on the po- 
tentiometer and adjust meter to read 1800 
rom. Spot check at other speeds, and 
divide errors if necessary. 


Torque control — this is the control for the 
electronic torque limiting circuit. Ifa load 
greater than the pre-selected level is applied, 
the motor .and control cannot deliver addi- 
tional torque, thus preventing damage to 
the driven equipment. Torque limiting 
can also be used to control acceleration. 
With the control in the minimum position, 
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Mode | Mode 2 


(0) Red (+) 


CW (increase) 


4W (O) Yellow 


(O) Black 


potentiometer 


{O) Yellow 


(O) Black 


Remote O to 1OOV DC 
30 to 50kN 
source impedance 


Red 
(not used) 


30 to 50k 
Y total resistance 


Remote selector 
switch (any number 
of discreet speeds) 


CAUTION: DO NOT GROUND REMOTE INPUT TERMINALS 


Fig. 5.4.10. Remote control mode connections for E-650 controls. 


the maximum torque that can be delivered 
is approximately 1.5 Ib-in. With the con- 
trol in the maximum position, the control 
and motor-generator can deliver torque in 
excess Of 5 |Ib-in. However, a load greater 
than 5 |b-in (red area) for a sustained period 
will result in damage to the control or mo- 
tor-generator, or both. . 


Remote input switch and jacks — with the 
command switch in the remote position, the 
remote control jacks are switched into the 
circuit and the front panel control is 
switched out. Speed can be controlled by: 
(1) a remotely placed potentiometer of 30 
to 50 k&; (2) a 0—100 VDC signal with a 
30 to 50 k&2 source impedance; (3) the 
selector switch. Connections are shown in 
Fig. 5.4.10. 
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NOTE: \n mode 2, speed stability is de- 
pendent on the stability of the remote con- 
trol voltage. Maximum speed of the motor 
is also proportional to remote input voltage; 
e.g., a 100 VDC input voltage produces 
approximately 3000 rpm motor speed, and 
a 50 VDC input voltage produces approxi- 
mately 1500 rom. This can be changed by 
factory adjustment of the controller. 


E-650 Operating Instructions 


1. Make sure the POWER SWITCH is in 
the OFF position. 


2. Connect the motor-generator cable to 
the connector on the rear of the chassis. 


3. Connect the control L/NE CORD to 
any approved 115 V, 50/60 Hz, grounded, 
3-wire receptacle. 


4. Turn the SPEED ADJUST CONTROL 
fully counterclockwise. 


5.  Placethe COMMAND SWITCH on rear 
panel in the NORMAL COMMAND posi- 
tion. 


6. Place the SCALE SELECTOR in the 
Q—3000 rpm position. 


7. Place the REVERSE STOP SWITCH 
in the STOP position. 


8. Place the POWER SW/TCH inthe ON 
position. The red light just above the 
power switch should light. If not, check 
the fuse located on the back of the chassis 
and reset circuit breaker. 


9. Place the REVERSE-STOP SWITCH 
in the CW position and slowly rotate the 
SPEED ADJUST CONTROL clockwise. 
The motor shaft should rotate smoothly in 
a clockwise direction looking at the shaft 
end of the motor. The tachometer will 
show an increasing reading as the SPEED 
ADJUST CONTROL is rotated clockwise. 


10. Place the REVERSE STOP SWITCH 
in the CCW position. The motor shaft 
should turn in a counterclockwise direction, 
viewing the shaft end of the motor. 


11. Place the SCALE SELECTOR in the 
O—5 lb-in position. As the load on the 


motor is increased, the torque meter will 
indicate an increasing reading. 


Figs. 5.4.11 and 5.4.12 are outline drawings 
of the E-650 Master and Open Controls. 


SPEED 
SCALE SELECTOR 


Fig. 5.4.11. Outline drawing, Electro-Craft E-650 
Master Control. 


Installation 


When installing Electro-Craft motor-genera- 
tors on any application, the following pro- 
cedure should be carefully followed. 


1. Mount securely on a rigid foundation. 


2.  Alignall shafts accurately. The motor- 
generator shaft and the driven machine 
shaft should be in line as near perfectly as 
possible. Failure to maintain proper align- 
ment can result in excessive noise, over- 


5-27 


Fig. 5.4.12. Outline drawing, Electro-Craft E-650 
Open Control. 


heating and part wear. Flexible couplings 
can be used to compensate for slight mis- 
alignment. Care must be used in selection 
of couplings, as any compliance in the 
coupling material may cause the control to 
sense a false change in load requirements. 
This can cause the motor speed to oscillate 
about its setting. 


3. Observe all limits listed in the specifica- 


tions concerning maximum overhung loads, 
side thrust and end thrust. 
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4. For best operation, the motor-genera- 
tor should be mounted in an area where air 
circulation is available. 


Maintenance 


No lubrication is required or should be used. 
If the motor-generator is equipped with a 
gearhead, lubrication instructions provided 
by Electro-Craft and/or the gearhead manu- 
facturer should be followed carefully. 


Under normal operating conditions a 3000 
hour brush life can be expected. If 
brushes are removed they must be replaced 
in the same brushholder with the same. 


‘orientation. If brushes are replaced, a 24 


hour run-in period is recommended. Use 
only Electro-Craft brushes. 


Disassembly of the motor-generator is not 
recommended. If disassembly is absolutely 
required, please contact Electro-Craft be- 
fore proceeding. 0 


5.5. APPLICATION EXAMPLES 


In this section we will discuss a variety of 
applications of Electro-Craft Motomatic and 
other controls taken from our customer 
files. Some figures and specific details have 
been altered to protect proprietary infor- 
mation. These examples are set forth to 
illustrate the versatility of the controls, and 
to show how they have met requirements 
in applications varying from office machine 
drives to medical instrumentation controls. 


We hope these ‘‘case histories’’ will help 
readers realize that applications of packaged 
speed control systems are limited only by 
the imagination of the potential users. 


OFFICE COPYING MACHINE 


An office copying machine had a manually- 
Operated mechanical speed control device, 
which provided exposure control for an in- 
frared sensitive copy medium. In the 
initial design, the operator had to watch a 
temperature gage and continuously adjust 
the speed to match the varying temperature 
of the infrared source. The mechanical 
speed control had a reliability problem; 
the manual adjustment resulted in a high 
waste factor due to operator inattention. 


The Electro-Craft E-500 motor-generator, 
and a modified version of our standard 
speed control system were selected for this 
application. This E-500 MG and control, 
as are any of the other Motomatic systems, 
is ideally suited for automatic response to 
changes in not only temperature, but light, 


pressure, or any other parameter which can 
be converted to a resistance of voltage 
change. 


Fig. 5.5.1 shows the modifications to the 
standard control which were necessary to 
meet this application’s requirements. The 
thermistor is exposed to the same infrared 
source as the original and sensitized paper. 
The potentiometer R, is a manual speed 
adjust, and is set to achieve desired copy 
contrast. The resistor Rg sets a minimum 
speed limit to prevent heat damage from 
overexposure. The design of the combina- 
tion of thermistor and resistors in the 
sensor-command chain had to be coordi- 
nated with the desired response of the 
control. 


Ry (3) Thermistor 


Control 
Amplifier 


Power 
Transistor 


Fig. 5.5.1. Example of a temperature-sensitive speed 
control input stage. 
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During the copying process, the increase in 
temperature in the exposure area is sensed 
by the thermistor, causing a decrease in its 
resistance. The resistance decrease causes 
the command voltage to rise, increasing 
copying speed. As the machine cools, the 
thermistor’s resistance increases and the 
drive speed decreases. These interactions 
maintain the selected heat/speed ratio. 


The use of the E-500 system in the redesign 
improved the office copying machine in the 
following respects: 


1. automatic response to temperature 
and speed command changes; 


2. reliable exposure control, and in- 
creased customer satisfaction be- 
cause of lower waste; 


3. performance reliability was greatly 
increased: 


4. reduced noise level: 


5. moderate additional system costs. 


HYDRAULIC MOTOR DRIVES 


A hydraulic motor utilized a system of 
pressurized hydraulic vanes to perform tor- 
que amplification, thereby providing a very 
powerful rotating shaft output. The output 
shaft was to follow very closely the speed 
and position of an input shaft requiring very 
low input torque. The customer wanted a 
suitable servomotor and control which could 
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command the hydraulic motor, giving it 
very broad speed range and optimum speed 
response. 


The Motomatic E-550 system was selected 
for this application because its speed range 
more than met the manufacturer’s needs, 
and the torque/moment of inertia ratio of 
the system permitted the responsive accel- 
eration and deceleration needed by machine 
tool users. The E-550 MG and hydraulic 
motor are shown in Fig. 5.5.2. 


Fig. 5.5.2. The E-550 MG utilized as an input 
drive for hydraulic motor. 


In much the same way as the rotary hy- 
draulic motor is a torque amplifier, the 
linear hydraulic motor is a force amplifier. 
The input motor shaft (in this case an 
E-650 MG) controls speed and displacement 
of the actuating arm. The unit shown in 
Fig. 5.5.3 is capable of applying a force of 
several hundred tons through a displace- 
ment of several meters. Quite clearly, 
reliability and broad speed range are the two 
key advantages of a closed-loop control 
system in this application. 


Fig. 5.5.3. Linear hydraulic motor utilizing an 
E-650 MG as input drive. (Photo courtesy of Pre- 
cision Mecanique Labinal, France) 


AUTOMATIC RETRIEVAL SYSTEM 


A manufacturer of automated storage sys- 
tems needed a high-response drive system 
to power the carriage in their x—y—z mo- 
tion control arrangement. The customer 
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Fig. 5.5.4. The CONSERV-A-TRIEVE automated 
storage system. (Photo courtesy of Supreme Equip- 
ment and Systems Corp., Brooklyn, N.Y.) 


selected the E-678 motor on the basis of 
its conformance to performance require- 
ment. 


Since this customer operates a circuit de- 
sign facility, he chose to design a special 
servo circuit to fit the unique requirements 
for a wholly automated retrieval system. 
A photograph of the system is shown in 
Fig. 5.5.4. 


SPEED-TORQUE ANALYZER 


A producer of custom-made gearing desired 
to measure accurately the friction torque 
of his gears. He provided his customers 
with data showing friction torque vs. speed, 
and on request produced friction data of 
the gearing at the customer’s specified 
operating speed. This would allow his 
customers to take necessary measures to 
handle friction in their system designs. 
This application is typical of many situations 
where friction torque measurements are 
necessary. It can also be applied to the 
elimination of design errors due to inade- 
quately stated data by providing static tor- 
que measurements and by monitoring shaft 
speed. 


Using a Motomatic E-550 speed control 
system, his procedure for measuring any 
unknown torque is as follows: 


1) with the motor unloaded, adjust 
motor speed to the desired setting 
by reading speed on the Motomatic 
speed meter. 
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2) with the motor operating at no 
load, record the torque reading on 
the Motomatic electronic torque 
meter. This reading will be the sum 
of internal motor friction torque 
and damping torque at the selected 
speed. 


3) connect the unknown friction load 
and, again operating at the desired 
speed, record the reading on the 
torque meter. 


4) the actual: friction torque is the 
difference between the readings ob- 
tained in steps 2 and 3 above. 


The E-550 speed control system gives both 
readout of speed and readout of the devel- 
oped motor torque. 


ENERGY CHOPPER 


The measurement of radiant energy requires 
the energy input to the sensor be chopped 
at a given frequency to separate the true 
signal from undesirable background and 
noise. A reference synchronization pulse 
is generated synchronously with the resul- 
tant chopped energy signal as shown in 
Fig. 5.5.5. In laboratory testing, where it is 
desirable to provide optimum chopping for 
a detector, the blade must be changed in 
order to cover a total frequency range of 
0.65 Hz to 1 kHz. To fulfill this require- 
ment with a minimum of operator effort, a 
multi-speed motor control was required. 
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The standard E-550 motor-generator and 
open control was selected for this applica- 
tion. The wide speed range (1000:1) of 
this control system made feasible the con- 
cept of a one plug-in selector card for the 
detector. With this selector card and its 
related chopper blade, the appropriate sen- 
sor detector instrument turning and me- 
chanical chopping rate were automatically 
provided. 


Utilizing the E-550 control system, the 
laboratory energy chopper was greatly im- 
proved over previous designs. Besides the 
feasibility of the one plug-in card for all 
adjustments, the system was improved in 
the following respects: 


1) the wide speed range of the E-550 
control system allowed a larger total 
frequency range to be scanned; 


2) the accurate speed regulation of the 
control system (better than 0.5%) 
improved accuracy of readings; 


3) laboratory tests were repeatable with 
the E-550; 


4) the long term speed stability of the 
E-550 provided accurate reading 
whether the laboratory instruments 
were operating for just minutes or 
for 18 or more hours a day; 


5) the constant speed provided by the 
E-550 system, which Is independent 
of load torque variations and line 
variations, maintained a constant 
chopper frequency. 


, Radiant energy 


source 


E-550 
Motor- tachometer 


E=550 
Speed 
control 


This system, in effect a multispeed chopper, 
provides optimum chopping frequencies for 
virtually any type of detector. 


Motomatic controls can be utilized in many 
other types of laboratory equipment, and 
will provide improved system performance 
as noted above. Applications quite similar 
to the above are: laboratory stirrers, in- 
dustrial drilling machines, centrifuges and 
viscosimeters. Any application requiring 
high speed stability and regulation, and 
constant speed irrespective of load and line 
variations, can utilize Motomatic systems. 


LABORATORY STIRRER 


A laboratory instrument manufacturer need- 
ed a wide range speed control system to 


Synchronous 
pick-up 


Detector 


Output 


se es 


Fig. 5.5.5. Infrared energy chopper system. 


power a laboratory stirrer. The system 
should have high torque capacity and good 
regulation to accommodate a variety of 
viscosity levels and stirring speed require- 
ments. 


A Motomatic E-650 system was designed 
to fit the customer’s requirements; the re- 
sulting design (Fig. 5.5.6) is a versatile, 
dependable laboratory stirrer which has 
found wide-spread use in laboratories. 


In another case, a special automatic labora- 
tory stirrer was designed to supply oxygen 
release at a controlled, adjustable rate for 
tissue-growing experiments. 
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Fig. 5.5.6. Application of E-650 standard and 
master controls for Servodyne Laboratory Stirrer. 
(Photo courtesy Cole-Parmer Instrument Co., 
Chicago, III.) 


The relationship between oxygen release 
and stirring speed is nearly exponential, as 
shown in Fig. 5.5.7. The “‘oxygen feedback 
gain” would vary depending on which por- 
tion of the curve the system would operate. 
However, since the working range was 
limited, the gain change was only 4:1, 
which was within the stability margin of the 
system. 


Since the oxygen release time constant was 
on the order of 100s, it necessitated a special 
operational amplifier to provide feedback 
compensation in the ‘‘outer loop”’ to assure 
stability (Fig. 5.5.8). The “inner” velocity 
loop consisted of an E-550 Motomatic 
control. 


FILAMENT WINDING MACHINE 


A customer wanted a versatile filament 
winding machine which would feature vari- 
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Oxygen release 


Stirring speed 


Fig. 5.5.7. Relationship between oxygen release 
and stirring speed in a tissue culture. 


~able mandrel speed, and also have a traverse 


mechanism with an adjustable traverse rate 
which would follow the varying mandrel 
speed in a proportional fashion. 


The solution was a dual speed control 
arrangement shown in Figs. 5.5.9 and 5.5.10. 
The E-650 gearhead motor-generator drives 
the winding mandrel through a coupling. 
The E-650 control system supplies generator 
feedback voltage to the E-550 control as a 
reference voltage; thus the traverse drive is 
always ‘‘slaved’’ to the speed of the winding 
drive. The ratio between the two speeds is 
adjustable over a wide range, however, and 
the filament winder can accommodate a 
range of filament widths and spacing re- 
quirements. 


This control method is adaptable to a host 
of other operations, requiring close ratio 
control of two variables. 


Set 
point 


E-550 Motomatic 
control system 


Operational 
amplifier 


Fig. 5.5.8. Setup for oxygen release control. 


REWINDER SPEED CONTROL 


The application illustrated in Fig. 5.5.11 
is a system used in textile fabrication for an 
Operation called “center winding’’, but the 
method is usable for wire, fiber, paper, 
film, and any other material which must be 
rewound at a constant linear velocity. 


Since the center winding process requires 
constant yarn speed, the shaft speed of the 
drive motor must be inversely proportional 
to the material roll diameter. 


An E-650 control system connected as 
shown provides the needed performance. 
A gear and a magnetic pickup provide in- 
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Fig. 5.5.9. Dual motor filament winding machine 
arrangement. 


dication of yarn velocity. The gear is 
mounted on a small roller which rides on 
the surface of the material roll. Pulses 
from the pickup are converted to a voltage 
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Fig. 5.5.10. Electrical diagram for the dual motor system of Fig. 5.5.9. 


proportional to pulse rate (hence, to yarn 


speed). Comparing this voltage with the © 


reference preset yarn speed, an error signal 
is obtained and fed to the DC control. 
The motor speed gradually decreases to 
maintain equality between the reference 
and the feedback voltage, thus holding yarn 
speed essentially constant during the roll 
buildup. 


Control 
circult 


E-650 Motor 
control 


5.36 Fig. 5.5.11. Yarn rewinder. 


MULTI-MOTOR CONTROL FOR 
INDUSTRIAL KNITTING MACHINES 


A typical multi-motor control system shown 
in Fig. 5.5.12 includes power supplies, con- 
trol circuits, safety circuits and motor- 
generators to provide variable feed rates 


and sequences for feeding the material into 
Knitting machinery. 


Magnetic pick-up 


Yarn speed sensor 


Motor speed 


Yarn 
i ieoeed 


Speed 


Roll diameter 


The desired system was to provide adjust- 
able output speeds in both incremental and 
continuous modes. High reliability and 
minimum downtime were also required. 


Speed range and output torque require- 
ments dictated that an Electro-Craft E-650 
system be utilized. Off-the-shelf E-650 
Motor-Generators with right angle gear- 
heads (Fig. 5.5.13) were used. The control 
circuits are modified versions of off-the- 
shelf items. 


Fig. 5.5.12. Eight-motor knitting machine control. 


Fig. 5.5.14 shows the circuit diagram of a 
typical multi-motor control system. The 
potentiometer R1 is the master speed ad- 
just, and sets the base speed for all systems. 
Differences between voltages on the wiper 
of R1 and the output of G1 produce the 
error signal for speed alterations. In a 
multi-motor system all generators have a 
common connection to R1. A speed input 
adjustment causes speed changes in all sys- 
tems. Resistors R2 and R3 from a voltage 
divider for the generator output. R2 is a 
gradient adjustment, setting a ratio between 
speed command signals from R1 and speed 
changes at the motor-generator shaft. The 


gate switch ,S1, opens and closes the control 
amplifier input, starting and stopping the 
motor-generator. In addition, a junction 
point is provided in the speed adjust line 
for common sequences of all systems. The 
transistorized control amplifier provides the 
drive for the power output stage which 
controls the motor and a circuit breaker. 
The contacts of the circuit breaker are in 
series with a main breaker and a safety line 
which monitors the roving. If overloading 
occurs in the motor-generators or the power 
supply, or a break in roving occurs, the 
entire feed system will shut down. 


Fig. 5.5.13. Electro-Craft motor with right angle 
gearhead. 


Reliability in environmental extremes and 
minimum downtime are designed into the 
system by selection of high grade industrial 
components, assembled in easily removable 
modules. Modifications or additions to this 
scheme include meters to monitor speed 
and/or torque for each motor-generator, 
remote speed control, variable torque lim- 
iting, dynamic braking and reversing. 
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Fig. 5.5.14. Typical multiple motor control circuit. 
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Knitting, tension sensing winding, spooling, 
and pattern generating, are some of the 
many related applications which can be 
performed with Motomatic control systems. 


SEMICONDUCTOR MANUFACTURING- 
PHOTORESIST SPINNER 


A critical phase in the manufacturing of 
semiconductors is the deposition of photo- 
resist on a silicone wafer. Photoresist is a 
liquid which provides a photosensitive sur- 
face on the wafer. To assure proper density, 
the resist is deposited while the wafer is 
rotated at a high speed. Speed regulation is 
important, since the deposition thickness 
of photoresist is dependent not only on 
viscosity, but also on rotational speed. 


Utilization of a Motomatic control system 
with active dynamic braking is especially 
helpful in applications requiring shaft ve- 
locity to closely follow speed command 
variations. 


The transistorized dynamic brake requires 
no contacts or excitation. The counter emf 
of the motor is used to provide braking 
torque. This is accomplished by inserting a 
transistor circuit, which in effect short- 
circuits the motor armature when the motor 
is ‘‘coasting’’. It is not active during normal 
speed control operation, nor when a speed 
increase command is entered. During these 
times it is isolated by a diode. When the 
speed command is decreased, the Motomatic 
control, for all practical purposes, turns 
off. In.effect, the motor becomes a genera- 
tor with opposite polarity current flowing 


in the external circuit, allowing the brake 
transistors to operate and short-circuit the 
motor. The effect of the dynamic brake is 
proportional to speed; it functions best at 
the higher speeds, where the photoresist 
spinner is required to operate. 


Fig. 5.5.15. Portable heart-lung machine. 


BLOOD OXYGENATOR 


A manufacturer of medical instrumentation 
needed a precise speed control system to 
drive blood pumps for an oxygenator. 
The system was designed to operate from 
115 VAC line power, and is also capable of 
using 24 VDC battery power in emergencies. 


Electro-Craft designed a special control sys- 
tem, adapting the Motomatic concept to 


this application. The control system can be 
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switched from AC line power to DC battery 
power in a fraction of a second, insuring 
uninterrupted service in case of power in- 
terruptions. The assembled heart-lung ma- 
chine is shown in Fig. 5.5.15. 


The reliability and versatility of Electro- 
Craft drive systems make them eminently 
suitable for numerous critical medical appli- 
cations, such as blood and kidney pumps, 
respirators, infusion pumps, and many other 
demanding applications in the rapidly ex- 
panding medical electronics field. 


INFUSION PUMP 


Infusion pumps are frequently used in med- 
ical laboratory experiments where accurate 
amounts of fluids are continuously added to 
a system under study. 


Greater ease and speed of operation are 
some of the improvements attained by the 
laboratory equipment which incorporated 
a Motomatic motor, as shown in Fig. 5.5.16. 
The pump can control infusion fluid flows 
as low as 0.1 cm®%/h, or pump as fast as 
10° cm®?/h with accuracies of 1%. Other 
models can pump 12 different fluids simul- 
taneously without any of the fluids coming 
into direct contact with any other fluid 
being pumped. 


Exceptionally wide flow range, safety and 
reliability, combined with economy and 
flexibility, provided improvements over pre- 
vious techniques. Improved precision and 
reliable, repeatable performance were de- 
sirable characteristics of this design using 
the Motomatic speed control system. 
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Fig. 5.5.16. Infusion pump. (Photo courtesy of 
Holter Company, a division of Extracorporeal Medi- 
cal Specialties, Inc., King of Prussia, Pennsylvania) 


CRYSTAL PULLING MACHINE 


In the silicon growing process, precise speed 
control for withdrawal rates of the crystal 
growth form the melt is required. Silicon 
ingots are first broken up and melted down 
in a crucible through high frequency induc- 
tion heating. Then a seed of perfect 
crystalline structure silicon is touched to the 
surface of the molten silicon and the seed is 
slowly withdrawn (see Fig. 5.5.17). 


Three motions are involved during this 
withdrawal time: 


1. the crucible is rotated; 


2.the seed is rotated in either the 
same or the opposite direction; 


3. the seed is withdrawn at a very pre- 
cisely controlled rate. 
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Fig. 5.5.17. Typical crystal pulling machine. 


The Motomatic E-650 speed control system 
was selected for this application (Fig. 5.5.18) 
because of the following characteristics: 


1. broad speed range; 
2. fast system response; 


3. the ability to provide constant with- 
drawal rates independent of the 
varying load. 


The seed withdrawal rate determines crystal 
diameter; consequently, motor speed must 
be closely controlled. Indication of the 
melt junction temperature is obtained from 


a photocell detector positioned on the 
projected image of the melt surface. Radia- 
tion is sensed from the melt surface at the 
line of intersection between the melt and 
the crystal. Because of the fast response of 
the E-650 system, it is capable of using this 
information for controlling crystal growth 
rate and diameter. Another beneficial fea- 
ture of this system is that the speed rate 
maintained is independent of external in- 
fluences such as line voltage variations and 
crystal weight. 


Fig. 5.5.18. Crystal growing furnace. (Photo 
courtesy of Hamco, Rochester, N.Y.) 
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Fig. 5.5.19. An example of a feed rate controller. 


CONVEYOR FEED RATE CONTROL 


To maintain constant density of bulk 
material carried on a constant speed con- 
veyor, the feed rate of the material to the 
conveyor must be adjusted. Such controls 
may be utilized in the processing of nat- 
ural and synthetic fibers, or in many related 
applications which require constant material 
density. 


Fig. 5.5.19 illustrates a method to control 
the material density. An Electro-Craft 
E-650 Motomatic speed control system 
drives feed rolls which feed fiber stock from 
a storage bin to a conveyor. An array of 
photocells across the width of the conveyor 
senses the intensity of light transmitted 


5-42 


through the moving material from a source 
above the conveyor. The photocell output 
is converted to a voltage proportional to 
average light intensity. This voltage indi- 
cates material density, and is compared 
with a preset density reference voltage; the 
difference between the two voltages is the 
error signal which goes to the motor con- 
trol. The error signal directs the motor to 
increase or decrease speed to maintain the 
requried density. 


REFLOW SOLDERING 


In an industrial process the manual pro- 
cedure required numerous soldering opera- 
tions on a cylindrical object. The solder 
joints were not always reliable, and the 


process was time-consuming. The manu- 
facturer desired to eliminate these problems 
in order to increase production rates and 
improve reliability. A system was required 
which could position the work piece, solder, 
index to the next angutar position, and 
repeat the process. 


A Motomatic E-500 system was selected to 
drive both the solder positioning arm and 
the indexing axis. The arrangement is 
shown in Fig. 5.5.20. : 


Fig. 5.5.20. Motomatic E-500 dual control for 
automatic positioning, soldering and indexing. 


Linear positioning through gearing is accom- 
plished by the E-500 positioning the solder 
arm. An input ‘‘go’’ command is received 
by the motor control, which provides a 
position setting proportional to a reference 
signal. The motor position feedback comes 
from the angular position of a potentiom- 
eter. Once the object is in position, soldering 
is performed. 


The next step is indexing, which is also 
performed by an E-500 system driving a 
worm gear. The index position is sensed by 


a microswitch. This arrangement achieves 
automatic operation, and has both increased 
production and improved reliability. 


DRIVE FOR DISC MEMORY TESTING 


In the testing of standard 14-in com- 
puter memory discs, a disc is rotated at 
high speeds and checked for surface wobble. 


The computer memory disc is pneumatically 
locked onto the air bearing spindle shown 
in Fig. 5.5.21. This unit is normally 


Fig. 5.5.21. Universal air bearing spindle for 
holding 14-in memory discs. 


mounted to the top of a specially designed 
soft spring mounting (provided with suit- 
able damping) in which the drive motor is 
suspended, as shown in Fig. 5.5.22. The 
drive motor is connected to the air bearing 
spindle by precision couplings to assure the 
spindle’s accuracy — better than 2 millionths 
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Fig. 5.5.22. The Motomatic variable speed spindle 
drive system, featuring the E-650 motor-generator 
and master control. 


of an inch radially and axially. The surfaces 
of the chuck are ground to less than 10 
millionths TIR. Testing requires high shaft 
speeds which are highly repeatable and 
closely regulated. 


The E-65U0 speed control system provides 
a complete closed-loop system featuring 
a fast response E-650 motor-generator and 
the E-650 master controller, a transistorized 
velocity feedback amplifier incorporating a 
special low drift amplifier. 


Under operating conditions, the E-650 pro- 
vides a velocity feedback signal proportional 
to actual test speed, which is compared 
with the reference pre-set signal proportion- 
al to desired test speed. An error signal is 
generated if the two voltages differ. 


By this means, the pre-set desired testing 
speed is accurately maintained. Overall 
speed regulation of the E-650 system is 
better than 1% over the greater part of the 
system dynamic range, thus providing very 
close regulation and test repeatability for 
this application. 
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VARIABLE SPEED TAPE RECORDER 


An automobile manufacturer wished to test 
vehicle suspension components by simulat- 
ing a variety of road conditions at various 
speeds. The solution to this problem was 
to tape-record road surface information and 
play back the recording at the desired test 
speed. The output of this special tape play- 
back unit (Fig. 5.5.23) would then drive a 
high-powered, electromechanical transducer, 
which would apply the proper force func- 
tion to the parts under test. 


Fig. 5.5.23. Variable speed tape recorder. (Photo 
courtesy of Precision Mecanique Labinal, France) 


The capstan speed control chosen for this 
play-back was an E-550 system, which gives 
an effective test speed range of from 0.3 to 


300 km/h (0.186 to 186 mph). In addition, 
the responsiveness of the E-550 system was 
adequate to simulate rapid acceleration and 
braking over the test road conditions. 


MOTOR TESTING 


Modern production testing of permanent 
magnet DC motors requires two basic tests 
to determine armature resistance R and 
voltage constant Ke. The voltage constant 
Ke can best be obtained by driving the 
motor under test with another motor (in 
effect, the motor under test is being run as 
a generator). The generated voltage and 
shaft velocity are simultaneously read and 
recorded. 


In order to perform such testing, a constant 
speed drive system is required. The Moto- 
matic E-650 system is employed for this 
application, as shown in Fig. 5.5.24. This 
system provides a direct readout of shaft 
speed (and torque, if required), while accu- 
rately regulating the speed. These systems 
maintain an overall speed accuracy of better 
than 0.5% over the greater part of the sys- 
tem dynamic range. The long term speed 
stability of the system leads to test repeat- 
ability, which is important for production 
testing. An additional benefit of this sys- 
tem is constant speed, independent of 
torque variations and line voltage fluctua- 
tions. 


While the motor under test is being driven 
at aconstant speed, the speed and generated 
voltage are recorded. The voltage constant 
is then obtained by the following relation- 
ship: 


Ke = ay [V/krpm; V, krpm] 
The motor torque constant K; can be 
determined by the measurement of the 
motor voltage constant which was just 
described. The torque constant is always 
related to the voltage constant, as shown in 
section 2.1. 


The ease with which this measurement can 
be made, makes it the most suitable pro- 
duction acceptance test for both motor 
voltage constant and motor torque con- 
stant. 
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Fig. 5.5.24. The E-650 utilized for final motor 
testing at Electro-Craft Corp. 


TACHOMETER RIPPLE VOLTAGE TESTING 


One of the important steps in testing pre- 
cision tachometers is the ripple test. In 
the case of high performance tachometers 
having ripple voltages on the order of 1% 
peak-to-peak, the test setup must have 
constant speed drive arrangements with in- 
stantaneous velocity diviations of less than 
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0.1% peak-to-peak. Such an arrangement 
used by Electro-Craft Corp. is shown in 
Fig. 5.5.25. 


In this setup, a Motomatic E-650 master 
control provides power for the E-650 motor- 
tachometer which controls the speed of an 
inertia wheel driving the motor-tachometer 
combination under test. A rubber belt 
couples the drive motor to the flywheel. 
By a direct reading of the speed indicated 
by the electronic speed meter, and knowing 
the belt pulley ratio, the test speed can be 
calculated. Due to the variable speed fea- 
ture of the Motomatic system, data can be 
gathered for numerous speed points. 


Fig. 5.5.25. Precision tachometer test station at 
Electro-Craft Corp. 


TORQUE LIMITER 


A manufacturer required a system which 
will accelerate a large inertial load without 
causing damage to the motor or control 
system. 
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Many of the Motomatic speed control sys- 
tems feature transistorized, variable torque 
limiting. The torque limiter can be described 
as an “‘electronic clutch’’; the motor can be 
stalled at a predetermined load torque and 
remain in this state indefinitely without 
damage to any component. 


Acceleration of large inertial loads impose a 
heavy power demand on a motor. Once 
the load is rotating, power requirements 
fall off sharply. Utilizing a Motomatic 
system with variable torque limiting, a load 
of this nature can be accelerated using a 
much smaller motor (and control system) 
than would normally be required. The only 
sacrifice in performance would be an ex- 
tension in acceleration time. 


PAPER WEB WIND-UP CONTROL 


A system for the paper industry was re- 
quired to control the rewind of paper from 
a large roll onto smaller rolls. The web 
must be continuously wound on the smaller 
rolls (see Fig. 5.5.26). A series of six 
spindles are evenly spaced on a turntable. 
When one spindle is fully wound, the turn- 
table is indexed, bringing the next spindle 
into the winding position. The fully wound 
roll is removed, and a new core is loaded. 


As the spindle is moved into the winding 
position, it must be accelerated up to de- 
sired initial speed. The web is then placed 
onto the core in a flying splice manner. 
During the winding cycle, the spindle speed 
must be controlled ina programmed manner 
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circuit Master roll speed 
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Fig. 5.5.26. Paper rewinding system, featuring Motomatic E-550 motor-generators and open chassis controllers. 


to accommodate the roll buildup while 
maintaining peripheral speed equal to web 
speed. 


The supply roll must be accelerated up to 
desired speed relatively slowly because of 
the large moment of inertia involved. Since 
it is desired to wind the smaller rolls during 
startup and slowdown times, the spindles 
of the smaller rolls must be programmed as 
a function of the master roll speed. The 
supply roll has a ‘‘dancer’’ arm storage to 
hold paper during spindle cycling. 


In order to provide high dynamic response 
to match the desired acceleration and slow- 


down characteristics of the velocity profile, 
a bidirectional Motomatic E-550 control 
was used. The open chassis controls were 
mounted on the turntable to avoid ship 
rings carrying low level signals for all motors. 


WELDING MACHINES 


In a welding process the quality and uni- 
formity of the weld is directly affected by 
the proper control of the welding wire feed 
rates, and by the relative motion between 
the work pieces and the welding joint. 


Before the process was automated, a highly 
skilled operator would normally position 
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the welds and feed the welding wire. By 
providing an automatic, accurately con- 
trolled feed rate for weld wire, a proper 
quantity of material is always supplied to 
the welding joint. Once a setup was com- 
pleted, the operator had only to load and 
unload the work pieces, as the control sys- 
tems assumed a very high degree of uni- 
formity, thus minimizing operator skill re- 
quirements. 


Various Motomatic systems are used in 
these applications, depending on the torque 
and speed requirements of the welder. In 
Fig. 5.5.27, an end-to-end pipe welder em- 
ploys a pair of E-550 systems. The first 
system governs wire feed, and the second 
system rotates the pipes with respect to the 
welder. A very high degree of repeatability 
from piece to piece is the result of utilizing 
this closed-loop control system. 


The Motomatic closed-loop system auto- 
matically adjusts motor input voltage and 
current, so that constant speed is main- 
tained even though the load may be varying. 
The integral tachometer senses the effect of 
load variations and controls the transis- 
torized servo amplifier, which maintains 
constant speed. Thus, despite load variation 
from work piece to work piece, the Moto- 
matic system will maintain the set speed 
within a close range, usually 1%. Addition- 
ally, by providing a very smooth, stable 
motion for the work pieces, a highly uni- 
form and repeatable welding operation was 
achieved. 
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Fig. 5.5.27. End-to-end automatic pipe welder. 
(Photo courtesy of Precision Mecanique Labinal, 
France) 


Fig. 5.5.28 shows a larger welding machine, 
which requires the extra torque of an E-650 
system. 


Motomatic series E-650 speed controls were 
selected to drive both the carriage drive and 
the wire feed machanism for this applica- 
tion. The operator sets the feed rate and 
controls the welding function. 


Fig. 5.5.29 shows an interesting extension 
of the welder control concept. An electron 
beam welder is operated along a linear 
direction, utilizing a “‘suction cup” tech- 
nique to maintain the required vaccum. The 
exceptional requirements for broad speed 


range and speed stability resulted in the 
selection of Electro-Craft’s DC servomotor/ 
tachometers. 


Fig. 5.5.28. Automatic welding machine utilizing 
Motomatic controls. (Photo courtesy of Guild Metal 
Joining Co., Bedford, Ohio) 


BIDIRECTIONAL POSITION CONTROL 


In a data retrieval system, a DC drive system 
is required to move a search mechanism and 
position it accurately for datarecovery. The 
system must be bidirectional, and may be 
required to operate on a 50% accelerate/ 
decelerate duty cycle. 


Positional accuracy of the drive system is 
limited by two variables: 1) the drift char- 
acteristics of the reference power supplies, 
and 2) the accuracy of the command and 
feedback signals. Control system selection 
had to be made on the basis of the ability 
to cope with these variables. Using the 
potentiometer supplied with the standard 
Motomatic E-550 BPC (Bidirectional Posi- 


tion Control), system accuracy is approxi- 
mately 0.1% per revolution or 0.362. 


Fig. 5.5.29. An electron beam welder. (Photo 
courtesy of Precision Mécanique Labinal, France) 


The E-550 BPC system is a position control 
system employing a high gain, closed-loop 
electronic control and an E-550 motor- 
generator. As shown in Fig. 5.5.30, the 
input voltage to this electronic control com- 
mands the motor to move the search mech- 
anism to a specific position. Motor angular 
position is proportional to the command 
setting, with the position feedback coming 
from the angular position of a potentiom- 
eter. Actually, a potentiometer, or any 
other position feedback voltage source may 
be employed for similar applications. As 
the search mechanism is “‘homing in” on 
the desired position, velocity feedback Is 
employed to control the travel rate to the 
commanded location. 


Optional features of the E-550 bidirectional 
controller allow adjustment of the velocity 


profile parameters. For example, the re- 
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Fig. 5.5.30. Motomatic E-550 BPC block diagram. 


sponse time can be adjusted to permit 
“soft’’ starting, and the travel rate can be 
set at any desired motor speed between 
5 and 5000 rpm. 


MUSCLE EXERCISER—MEDICAL 
REHABILITATION DEVICE 


An exerciser used in muscle rehabilitation 
requires an accurately calibrated velocity 
control with torque readout in order to 
monitor the patient’s recovery. Muscle 
strength recovery can be precisely moni- 
tored and the patient’s progress accurately 
measured through this novel device, shown 
in Fig, 5.5.91. 


The rate of motion is set by the therapist. 
In the initial stage of rehabilitation, the 
patient merely follows the crank handle 
motion with his hands or feet. As he 
progresses, he may exert force to either 
retard or speed up the handle motion. The 
degree of muscle exertion can be read on 
a calibrated torque dial, and recorded ona 
separate device. The special features of this 
device have made this machine very useful 
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Fig. 5.5.31. Cybex Muscle Exerciser. (Photo 
courtesy of Technicon-Cybex, Inc., Tarrytown, 
N.Y.) 


in scientifically controlled hospital rehabili- 
tation programs. 


The system utilizes an E-650 motor-genera- 
tor as a prime mover with a special bidirec- 
tional amplifier controlling speed and pro- 
viding positive or negative torque, as the 
patient requires. 


PUNCH PRESS FEED CONTROL 


This application consisted of a clutch-brake 
operated material feed control for an auto- 
matic punch press. Due to the intermittent 


demand and the incremental feed technique, 
instability of the feed system would occur. 
The clutch-brake system would wear, and 
require frequent adjustment. 


A new system was designed, using an E-650 
speed control, commanded by a sensor arm 
to which a potentiometer was attached 
(Fig. 5.5.32). The redesigned system oper- 
ates very smoothly, seeking an average ve- 
locity matching that of the punch press. 
This eliminates the jerky operation pre- 
viously experienced, and prevents stretch 
damage to the material. 


E-650 Motor-tachometer 


YY 


Potentiometer 


Sensor arm 


Fig. 5.5.32. Punch press feed control, utilizing a Motomatic E-650 speed control. 
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CONNECTOR TEST STATION 


A major manufacturer of electrical con- 
nectors wished to build a connector test 
station, which would perform tests on the 
insertion force of connectors over a re- 
peated number of cycles. Since the speed 
at which the mating halves were joined had 
a large bearing on the force measured, it 
was found necessary to automate the con- 
tacting speed in order to obtain testing 
repeatability. At the same time it was 
recognized that the additional load of pin 
engagement would potentially cause a speed 
regulation problem; i.e., the larger the force 
required to mate the connector, the slower 
the drive system would tend to operate, 
thus complicating the problem. 


Fig. 5.5.33. Connector test station. (Photo cour- 
tesy of AMP de France) 
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An E-550 system was selected which, cou- 
pled through a vertical ball screw (Fig. 
5.5.33), gave the high degree of speed 
regulation needed to achieve repeatable 
results. 


BLUEPRINT MACHINE DRIVE 


Diazo print machines (‘‘blueprint’’ ma- 
chines) traditionally have a manual speed 
adjustment which requires the operator to 
set the exposure time according to the 
transparency of the original material. The 
success of this process depends on the 
operator’s judgment and skill, and the pro- 
cess often results in waste of both time and 
material. 


A basic E-550 system, with added control 
circuitry, sets the machine speed accurately 
and automatically for consistently good 
quality reproductions. The purpose of the 
added circuitry is to generate a signal which 
is dependent on the original’s transparency 
by generating a speed reference voltage, 
which in turn controls exposure time. 


A photocell senses light passing from a 
mercury lamp through the original material 
to provide a measure of its transparency. 
The photocell provides a DC voltage pro- 
portional to the product of light intensity 
and transparency. This voltage is the speed 
reference to the motor drive. The control 
circuit stores it long enough to let a mercury 
lamp expose the paper. After the copy is 
made, a timing circuit reduces the reference 
voltage to revert the machine to idle speed 
until the next sheet of paper is inserted. 
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E-550 Motors 
Fig. 5.5.34. Film viewer setup. 


FILM SCANNING DEVICE control characteristics. An unique solution 
to this problem is illustrated in Fig. 5.5.35, 
A customer wanted a wide range film where the two tachometers are electrically 


scanning device, enabling the viewer to 
rapidly find the general area of interest, 
and then at a controlled low speed view the 
individual frames until the proper one is 
found and then stop. The film was stored 
on spools, and in the process of scanning 
and viewing, the film would be transferred 
from the supply spool to a take-up spool 
(Fig. 5.5.34). 


Speed 
command 


A simple solution was achieved by using 
two E-550 motor-generators, driving each 
reel as shown in Fig. 5.5.34. However, since 
the reel sizes vary during a scan, the relation- 
ship between shaft speed and linear film 
speed varies in proportion to the reel size 
change. This would result in undesirable Fig. 5.5.35. Tandem reel drive system. 


Velocity feedback _ 
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connected in tandem. Since the reel motors 
and tachometers are mechanically con- 
nected through the film, a pseudo-linear 
relationship between speed command and 
film speed is achieved, so that comfortable 
manual control of film motion results. 


DRIVE FOR CHART RECORDER 


The user wanted an infinitely variable speed 
paper drive for a strip-chart recorder. A 
speed range of 10 000:1 was required, and 
the acceleration time at the highest chart 
speed was to be less than 0.15 s. 


Electro-Craft proposed an E-5/6 motor- 
generator, with a special ‘‘ultra-wide range”’ 
velocity amplifier with high peak power 
availability. The result was a chart drive 
with a capability of chart speed between 
5 m/s to 0.5 mm/s, and an acceleration time 
of less than 0.15 s from O to 5 m/s chart 
speed. 


PAPER CUTTING CONTROL 


In this application paper was unwound from 
a feed roll, then cut to size by a mechanical 
Knife. The system used a clutch-brake com- 
bination which provided intermittent mo- 
tion to position the paper properly at the 
cutting station. The clutch-brake system 
needed frequent maintenance and adjust- 
ment to maintain the required accuracy. 


By replacing the clutch and brake with a 
Motomatic E-550 direct-drive system, the 
entire cutting operation was accelerated, 
cutting accuracy was improved, and main- 
tenance was minimized. 
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In the direct-drive system, shown in Fig. 
5.5.36, the motor is commanded to follow | 


Velocity profile 


cut 


Travel velocity 
{motor krpm) 


oe ~~ O/A 
start converter 


command Time 
cutee ~ a 2 ss senate: _, 


Counter and 
D/A converter 


—-E-550 Incremental 
motion motor- 
generator 


Cutting 
station 


Incremental encoder 


Fig. 5.5.36. Paper cutting control utilizing a 
Motomatic E-550 MG and control for incremental 
motion. | 


an input trapezoidal velocity command. The 
incremental encoder produces pulse counts 
proportional to distance of paper travel. 
The counter has a preset number stored, 
representing the proper paper size. When a 
predetermined number of binary counts 
remains in the memory, a digital-to-analog 
converter will be switched into the velocity 
feedback path. Thus, the final stop position 
will be approached in a controlled velocity 
manner, and when the last count has been 
received, the “‘stop’’ command can be fol- 
lowed instantly with no overshoot or error. 


This hybrid analog-digital system has numer- 
Ous applications in industrial and scientific 
applications. 


BLOOD CELL SEPARATOR 


The Celltrifuge™ , acontinuous flow experi- 
mental blood cell separator shown in Fig. 
5.5.37, was developed in a program spon- 
sored by the National Cancer Institute and 
IBM. The machine uses several Motomatic 
control systems powering eight pumps and 
a centrifuge to perform the task. The sys- 
tems have been specially designed to provide 
ultrahigh reliability and very low ground 
leakage current for patient safety. 


Fig. 5.5.37. Blood Cell Separator. (Photo courtesy 
of American Instrument Co., Silver Springs, Md.) 


ADJUSTABLE LATHE FEED RATE 
CONTROL 


Fig. 5.5.38 shows an E-650 motor-genera- 
tor adapted to replace the quick-change 
gears in a lathe application. The variable 
speed, remote control feature was used to 
continuously alter the feed rate in a com- 
plex industrial turning process, keeping tool 


Fig. 5.5.38. Adjustable speed lathe carriage feed. 


pressure constant in spite of varying mate- 
rial thickness. 


CONTOUR LATHE 


The requirements for a contour lathe cutting 
tool position drive are high speed for slew- 
ing, low speed with high torque for the 
actual cutting operation, and a stable speed 
control over this range, with very good 
no-load to full-load speed regulation. A 
lathe manufacturer has found that an E-650 
system met all these requirements and pro- 
vided an economical and highly reliable 
solution, shown in Fig. 5.5.39. 


THREE-AXIS MILLING MACHINE CONTROL 
Fig. 5.5.40 shows an example of an indus- 
trial adaptation of Motomatic controls to a 


milling machine table drive. 
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Fig. 5.5.39. A contour lathe, model LM 350. 
(Photo courtesy of LEFEBRE et MARTIN, France) 


MOWED 


ease 


he 


Fig. 5.5.40. Automatic three-axis milling machine 


control. 
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In this case the system was designed to 
provide a variable speed, three-axis position 
control for repetitious, automatic, routine 
milling applications. The control system is 
based on the wide range Motomatic con- 
trol, with an individually adjustable speed 
for each program sequence. The position 
sensors work against adjustable micrometer 
stops, with a dual feature; as the control 
system approaches the final stop position, 
it goes into a “‘final approach” speed — a 
low speed mode — from which the control 
system can repeatedly stop within known 
tolerances. Thus, the MOTOFEED® sys- 
tem holds a repeatability of +0.0005 in 
in all three axes, with infinitely variable 
speeds from 0.1 to 42 in/min. Using a 
specially designed gear reduction, the sys- 
tem can provide torque of 80 Ib-in on the 
lead screw, even at the lowest speed, per- 
mitting heavy cuts at close tolerances. A 
uniquely designed clutch device can un- 
couple the drive system at any time, pro- 
viding a manual operation feature without 
interference by motors or gears. 


Fig. 5.5.41. A linear drive mechanism UNISLIDE, 
model B2515 CJ. (Photo courtesy of Velmex, Inc., 
Bloomfield, N.Y.) 


LINEAR DRIVE SYSTEM 


A manufacturer of linear motion mecha- 
nisms needed a drive system with infinitely 
variable speed to drive the lead screw for its 
line of modular length, linear motion de- 
vices. 


An E-550 MGHP Master Control System 
was selected for this application because of 
its versatility, wide speed range and torque 
limiting features. Fig. 5.5.41 shows the 
finished linear drive mechanism, marketed 
under the trade name UNISLIDE (Velmex, 
Inc., Bloomfield, N.Y.). 


PHOTOTYPESETTER APPLICATION 


In a typical phototypesetter (see Fig. 
5.5.42) the font, or character set, is in the 
form of negative silhouettes on a rotating 
disc. The particular character to be set is 
selected by flashing a strobe light behind 
the disc at the appropriate time. The char- 
acter image is then projected via a moving 
mirror on to a photosensitive surface where 


it is recorded. A minicomputer in the ma-. 


chine calculates the exact letter spacing, 
word spacing and hyphenations to achieve 
the correct line end justification. The 
mirror is then moved to cause the char- 
acters to be positioned correctly on the 
surface. One manufacturer uses an Electro- 
Craft L5000 series servo control with the 
Digital Positioning Option and an M1438 
moving coil motor to drive the lead screw 
on which the mirror is mounted. Use of 
this system enables direct interface with 
the minicomputer. The performance of the 


system is such that the motor and load can 
be moved and stopped through a typical 
step of 17 degrees in 5 ms and can make 90 
such steps per second; positional accuracy 
is better than +% degree of rotation. This 
gives considerably faster operation than 
other systems. 


ROTATING CHARACTER 
DISC 


LIGHT 


SOURCE LEAD SCREW 


MIRROR 
ASSEMBLY 


LENS 
SYSTEM 


M1438 MOTOR 


Fig. 5.5.42. Phototypesetter Application 
DIAMOND SORTING SYSTEM 


The system shown in Fig. 5.5.43 is de- 
signed to monitor the size of industrial 
diamonds and to automatically segregate 
them into ten (10) different categories. 
The diamonds (20 to 60 mils in length) 
are transported through the field of view 
of a Reticon line scan camera (first on the 
left), back illuminated using a Reticon 
light source (first on the right). The size 
is then displayed in mils on the micro- 
computer based controller (second from 
left) whose output is also transmitted to 
the motor controller (second from the 
right). An E576 servo motor (center) 
with ten bins on a rotary platform is then 
positioned to cause the various diamonds 
to be deposited into the appropriate bins. 
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Fig. 5.5.43. Reticon RS825 Diamond Selection System 


PRINTED CIRCUIT SOLDER 
FUSING MACHINE 


The Research Inc. Solder Fusing System 
shown in Fig. 5.5.44 provides superior 
quality fusing on printed circuit board 
and multiple layer assemblies. 


The solder fusing process converts the 
porous electroplated tin-lead on a circuit 
board into a homogeneous alloy with a 
strong intermetallic bond to the base 
copper. 


The temperature achieved during the fusing 
process is critical to the formation of the 
bond. Since this temperature is to a large 
extent dependent on the length of time 


Fig. 5.5.44. Printed Circuit Solder Fusing Machine. 
(Courtesy of Research Incorporated) 
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that the printed circuit is exposed to the 
heat source, the customer chose a 
Motomatic speed control to drive the 
conveyor which carries the circuit boards. 
This selection gave the advantage of 
smooth stable speed control over a wide 
range of speeds. 


COMPONENT MARKING SYSTEM 


In this application a marking head had to 
be accurately synchronized with a con- 
veyor chair carrying electronic compo- 
nents. The synchronization had to be such 
that the markings were accurately posi- 
tioned on the component and that a mini- 
mum of components be missed during start 
up and shut down. 


The solution is a P6200AP servo motor 
control, an E6/70/596 motor-gearhead and 
one of the PL100 series phase lock options. 
An analog tachometer generator mounted 
on the conveyor drive provides a reference 
signal which keeps the speed of the 
marking head approximately synchronized 
with that of the conveyor. The signals from 
the two pulse generators are fed into the 
phase lock system which adjusts the motor 
speed continuously to ensure that the 
speeds are matched identically and that the 
marker head is also correctly positioned 
so as to mark the component. 


The resulting increased performance 
enables the marking of components to be 
increased in speed to about double that 
achieved by previous systems. 


5.6. INCREMENTAL MOTION 
APPLICATIONS 


5.6.1. INTRODUCTION 


In this section we will discuss the principles 
of incremental motion operation, covering 
system dynamics and acceleration torques. 
We work through an example so that the 
reader will gain experience in calculating 
armature acceleration current, motor termi- 
nal voltage, motor power dissipation, maxi- 
mum permissible repetition rate, cooling 
and slewing requirements, to aid in selecting 
a servomotor for his own application. 


The application examples in this section II- 
lustrate the concepts brought forward in the 
preceding discussions of motor selection for 
incremental motion requirements. A com- 
parison is made here between the rather 
tedious hand calculations with Electro- 
Craft computer solutions. 


These application examples are drawn from 
Electro-Craft files, and serve to illustrate 
the motor and amplifier selection process. 
They should be of help to anyone who is 
contemplating a systems design. As we shall 
see, the computer design aids are of im- 
mense help in making a proper choice of 
system components. Electro-Craft Corpo- 
ration Applications Engineering staff has 
available portable computer terminals, and 
can give you design help right in your office, 


since we can connect the terminal to our 
computer through the telephone lines. If 
you require assistance in your servomotor 
selection, our staff stands ready to be of 
help. 


The analysis forms shown in next pages give 
the reader the basic information, what data, 
and in which form, are necessary to be 
supplied by the customer and Electro-Craft 
staff for exact and complex calculation of 
a given application. 


The velocity and displacement data of an 
analysis form should be described in more 
detail by means of velocity profile and dis- 
placement profile graphs, as shown in 
Fig. 5.6.1. 


< 


Velocity oroftie 


Displacement profile 


Fig. 5.6.1. Velocity and displacement profiles. 
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ELECTRO-CRAFT CORPORATION 


MOTOMATIC System Application Data 


Power Supply 


AC Voltage DC ee V, rectified and filtered 


Max. Current % Ripple (p-p) 


Other (describe): se V battery 


Maximum DC voltage V and maximum DC current A available 


Velocity Profile 


Acceleration Time Reversing: 


Run Time | | No | | Yes, from max. speed 


Deceleration Time Running Speed rpm 


Dwell Time _  Slewing Speed rpm 


Radial Load oz, applied ___—_—sliin from shaft end 


Axial Load. oz, applied | | away | Jroward mounting face 


Load Friction Torque oz-in 


Load Moment of Inertia oz-in-s? (if unknown, sketch the driven load, giving 


dimensions and material used) 


Gear Reduction (motor-to-load)_ 


Gradient (Voltage Constant) V/krpm Long Term Regulation % of set speed 


Ripple V p-p max, at rpm Short Term Accuracy % of set speed 


Special Requirements 


Ambient Temperature °c max., °c min. 


Other Ambient Characteristics: 


Shaft Requirements (sketch); Mounting Face; Base (sketch) 


Shaft Position: [| horizontal| |shaft up | | shaft down 
Space Available: length___in, width____—s in, height i 


Forced Air Cooling Available: | lves| | No 


Others (describe): 
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Program Genr1* 
Application 


Line No. 


50 


51 *V1 

v2 

*S 
*Specify V1 or S, 

52 Tl 

T2 

T3 

T4 


53 J1 


54 M 
thru 
99 Kl 


ELECTRO-CRAFT CORPORATION 


LEAD SCREW APPLICATION 


Customer 


Date 


Contact Engineer 


Parameter 

Input Data Units = 
Output Data Units = 
Load Type = 

Motor Data Required = 
Peak Velocity (Run) 
Slew Velocity 


Total Displacement 


Units 


or [HECETC] 


or [Metric/ or /Neither/ 
ead Screw 

[Full Data] or /Temp. only 7 
[-—Jin/s 

[Tin/s 

cm {Jin 


cm/s 


cm/s 


NU 


not both, equate other one to zero, 


Acceleration Time 

Run Time 

Deceleration Time 

Dwell & Settle Time 

Lead Screw Moment of Inertia 
Carriage/Load Mass 

Screw Pitch 

Friction Torque 

Gear Ratio 

Ambient Temperature (Max.) 
Motor Model 

Torque Constant 

Armature Resistance @25°C 
Armature Moment of Inertia 
Damping Constant 

Static Friction Torque 


Thermal Resistance 


ms 
ms 

ms 

ms 

kg m2 [IT oz-in- s? 
kg [._ [oz 
turns/cmf/__/turns/in 


Nm [_joz-in 


ie) 
(?) 


oz-in/A 


LT 


oz-in-s 


poogHogoooNE 


2 
oz-in/krpm 


oz-in 


NUN 


°c/w 


5-61 


ELECTRO-CRAFT CORPORATION 
CAPSTAN/DRIVE ROLLER APPLICATION 


Program Genrl* Customer Date 
Application 
Contact Engineer 


Line No. Parameter | Units 
50 Input Data Units = [British] or 
Output Data Units = or /Metric/ or /Neither/ 
Load Type = /Capstan/ 
Motor Data Required = /Full Data/ or /Temp. only/ 
51 *V1 | Peak Velocity (Run) [7 cm/s [7 in/s 
V2 | Slew Velocity [7 cm/s [_] in/s 
*S Total Displacement [7] cm {J in 


*Specify Vl or S, not both, equate other one to zero 
Pp Jy 3 » € 


52 Tl Acceleration Time . [7 ms 
T2 Run Time /_/ ms 
3 Deceleration Time /__7 ms 
T4 Dwell & Settle Time /__/] ms 
53 Tl Capstan/Drive Roller Moment 
of Inertia [TJ we m? [C7 oz-in-s2 
R1 Capstan/Drive Roller Radius / / mm [7 in 
Fl Friction Torque [] Wm {7 oz-in 
G Gear Ratio [pe a 
he Ambient Temperature (Max) iJ 
54 M Motor Model [_] 
thru | 
99 Kl Torque Constant [7] oz-in/A 
R2 Armature Resistance @ 25°C fT Q 
a2 Armature Moment of Inertia | (TJ oz-in-s* 
K8 Damping Constant [__] oz-in/krpm 
F2 Static Friction fovaae [__/] oz-in 
R3 Thermal Resistance [J °c/w 
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Program Name: REEL 5* 


Application: 


ELECTRO-CRAFT CORPORATION 
REEL SERVO ANALYSIS 


Customer: 
Engineer: 


Date: 


Input Data (supplied by customer) : 


At line 10 (1) 
(2) 


Ac line ll (1) 
(2) 
(3) 
(4) 


At line 12 (1) 
(2) 
(3) 
(4) 
(5) 


V1 
V2 


Operating tape speed (in/s) 
Rewind speed (in/s) 


Tape width (in) 

Min. reel radius (no tape) (in) 
Max, reel radius (full tape) (in) 
Max, +/- motion of sense point (in) 


Moment of inertia, reel & hub (oz-in-s*) 

Gear reduction (ratio) from motor shaft to reel 
Number of tape loops 

Friction torque of reel and tape (oz-in) 

Tape tension (02) 


Motor Data (supplied by ECC) 


At line 20 (1) 


through 
99 

(2) 

(3) 

(4) 

(5) 

(6) 


M 


R2 
Kl 
J2 
K8 


W1 


Motor model number (any number of | 
motors can be input to program up - 
to 80) L ; 
Motor resistance @ 25°C (1) ) as sees 

Motor torque constant (oz-in/A) ae ie: 

Motor moment of inertia (oz-in-s*“) ee el | 
Motor viscous damping constant —_ —_ 
(oz-in/krpm) | | 

Motcr max. permissible armature _- 
temperature (°C) 


Note: To assist ECC Applications Engineering in the selection of the best 
available motor, it is helpful if the customer can supply the following 


additior:1 information: 


1. Max. ambient operating temperature for the system (°F or °C) 
2. Is forced-air cooling available? 
3, Max. voltage and current available with proposed (or existing) 


power amplifier. 
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5.6.2. SELECTING THE PROPER 
SERVOMOTOR FOR AN INCREMENTAL 
MOTION SYSTEM 


The most important class of servo systems 
in which Moving Coil Motors have been 
successfully applied is generally described as 
the intermittent motion or incrementer 
| systems. In these applications, a low inertial 
load is required to be started and stopped 
rapidly and repeatedly, either in fixed in- 
crements, or in arandom but programmable 
manner. 


Typical examples are: 


Typical rate 
[steps/s] 
a) Feed mechanisms 12-50 
b) Line-by-line reading 
and punching 50-250 
—c) Incremental operation 
in digital magnetic 
tape transports 50-500 
d) Punch card readers/ 
punchers 20-50 
e) Magnetic head actuators 1-25 


It may be seen intuitively in each example 
shown, that a low moment of inertia/high 
troque motor is required to successfully 
drive the load at the high repetition rates 
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involved. Moreover, it is frequently neces- 
sary to run the motor at high speeds in 
order to s/ew through large shaft angular 
displacements. For example, document 
feed devices are required to step the paper 
for a predetermined number of lines, fol- 
lowed by a jump from page to page. Since 
all motion time is lost time, the slewing 
Operation must be completed at the highest 
possible soeed compatible with drive servo 
capability. 


Principles of Operation 


The incremental drive is basically a high- 
performance DC velocity servo system, as 
shown in block diagram form in Fig. 5.6.2. 
The motor is fitted with a standard DC 
tachometer, and is driven by a DC power 
amplifier. 


Load to be 


. indexed 
Bi-directional ot+ 
Amplifier Servomotor - 


Set 'Rate’ oe Pick-off disc 
O 


Oscillator 
and 


trigger 


Fig. 5.6.2. Block diagram of an incremental servo 


system. 


Incremental motion is obtained by operating 
the servo system in a non-linear mode, and 
is easily explained by reference to the wave- 
forms in Fig. 5.6.3. Suppose that with the 
system at rest, we apply a step voltage to 
the input. Since the motor cannot attain 
any speed in zero time, there is no counter 
voltage from the tachometer. 


b i 


Frror voltage 


Motor velocity e 


+Ipk 


Amplifier 
current | | 
i} ad 
Acceleration : , Rest | 
Deceleration -———-P 
| Constant | 
| goto = ! 
d + V | 
: \ 
Amplifier 


output voltage Cc 


Fig. 5.6.3. Incremental motion waveforms. 


Therefore, the effect of the step input 
signal is to produce a large error signal, 
a—b, at the amplifier input. The error 
signal exceeds the saturation level of the 
amplifier. 


As a result, the full power supply voltage, 
c--d, is applied to the motor and accelera- 
tion begins following the line e—g. The 
rising tachometer voltage reduces the error 


signal during this time until the error signal 
falls within the acceptance band of the 
amplifier, and the system stabilizes in the 
constant velocity mode g—h. Only a nomi- 
nal current, |, is required to supply the 
friction and load torque.. The operating 
speed will be such that tachometer voltage 
is very nearly equal to the tnput voltage. 


If now the input voltage step is terminated 
at the time t,, the process reverses itself. 
The input change now produces a large 
error signal i-j in the opposite polarity 
causing a deceleration current Iy. The re 
rulting torque, in turn, drives the velocity 
back to zero along the slope h—k which ts 
nearly identical to the slope e—g, unless 
the friction torque Is significant. 


An analysis of the motion performance 
capabilities of an incrementer gets down to 
the equations of classical mechanics, with 
the acceleration values as the critical param 
eter. 


In applications of this type, the incremental 
motion is almost wholly dissipative; t.e., 
little useful work is extracted from the mo- 
tor since virtually the entire input energy is 
dissipated as heat. Such systems are there- 
fore power limited in the sense that perfor 
mance is largely determined by the maxti- 
mum armature dissipation capability. The 
calculations are, therefore, aimed at deter 
mining the power dissipation at ‘‘worst 
case’ operating conditions. 


System Dynamics 


It should already be apparent that the tn 
cremental servo ts a sophisticated piece of 
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electromechanical engineering. In particu- 
lar, the motor must operate satisfactorily in 
three quite distinct modes: a high speed 
start-stop mode, a good speed regulation 
mode for constant rates, and a high rewind 
speed mode. 


~ Let us first look at the basic dynamic equa- 
tion for motor output torque in an incre- 
mental motion application. 


dw 


T = KI a aera + T,+ Dw (5.6.1) 


g a 


From this we can see that first of all we 
must know what w(t), the velocity profile, 
is. Let us assume that w(t) is an incre- 
mental step motion which is repeated with 
a certain frequency — a profile many practi- 
cal systems would be required to follow. 


In the velocity profile of Fig. 5.6.4, aw, is 
the running velocity, and the angle of incre- 


t 
¥ 
ment is 0 = f w(t) dt. The acceleration 
O 


OW 


I 


time is t.: t. is the running time; t, is the 
deceleration time; ty is the dwell time; and 
mS total time ty = t, a ay tet ty. 


EXAMPLE: A magnetic tape transport is 
to operate at linear speed v = 75 in/s: we 
assume a capstan radius of 1 in. Therefore, 
the motor run speed will be: 


7 
W4 = 2 = 75 rad/s = 716 rpm 


In typical digital tape transports, the capstan 
is required to perform very rapid start-stop 
(accelerate-decelerate) motions for repeti- 
tive block read-write operation. Fig. 5.6.4 
shows the velocity profile for the short 
block, where t. tends towards zero as the 
amount of data recorded per block becomes 
smaller. Thus, a worst case occurs when, . 
for all practical purposes, the entire motion 
time ty is made up of entirely of ty and t.. 


Mathematically, as t,-0 and ty>0: 


ee 


Fig. 5.6.4. Velocity profile of a typical incremental motion system. 
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tp=t, +t, (5.6.2) 


This is the condition which we now will 
investigate. 


It is first necessary to establish the tape 

acceleration necessary to insure that the 

inter-record gap will not be exceeded ina 

single start-stop cycle. Let total displace- 

ment d = dy tr d. = 0.375 in, allowing suffi- 

cient margin for overshoot, etc., then: 

0.375 
dy sa Pa > 0.1875 in 

Assuming the acceleration of the tape re- 

mains constant during the time t,, we have: 
v2 752 


qaz— = 


= } 2 
2d, 0375 15 000 in/s 


(5.6.3) 
The acceleration time ty is given by: 


aD a =f 0375 0375 
1.5 x 104 
(5.6.4) 


The total motion time is therefore t= 10 ms 


when t, = t,. 


Acceleration Torque 


Since the capstan radius r, = 1 in, then 
the capstan angular acceleration is 


7 =a. ~ 18.000 in/s* 
r Tin 
= 15 000 rad/s (5.6.5) 


Acceleration torque is given by the familiar 
expression: 


LF = Jy a (5.6.6) 
where 
Jy ~ Jin " Jy 


(Jy is the sum of the moments of inertia 
of the motor and the load, including ta- 
chometer) 


Unfortunately, there is no direct analytic 
method whereby wecan put in the numbers 
and come out with the motor model number 
for the solution. In fact, Electro-Craft’s 
computerized analysis simply starts with 
the lowest cost servomotor available and 
works up the list until a motor is found 
which meets all requirements, since the 
equations apply to the entire performing 
system including the motor and load. There- 
fore, the analysis is an automated process 
of elimination based on acceptable perfor- 
mance and lowest possible cost. 


After several attempts, we find that a suit- 
able motor for operation in this type of 
capstan application is the Electro-Craft 
M-1400, which has the following parame- 
ters: 


Moment of inertia J, 79-002 oz-in-s@ 
Torque constant K_ = 12 oz-in/A 


Armature Resistance R = 1.6 (2 
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Total system moment of inertia is therefore: 


Motor armature 0.002 oz-in-s? 
Capstan (typical) 0.002 
Tachometer (typical) 0.0005 
Jz = 0.0045 oz-in-s* 
The system acceleration torque becomes: 


T= 4.5 x 1073 x 1.5 x 104 


=67.5 oz-in 


The deceleration torque is, for all practical | 


purposes, egua/ and opposite, since friction 
is generally negligible in systems of this type. 


Armature Acceleration Current 


The armature peak current lak is simply 
obtained from the expression: 


qT, ‘i Ty 
= (5.6.7) 
k 
p K, 
where T, is the acceleration torque and 
T, is the total system friction torque. 


As we have noted, static friction in systems 
of this type is very small. Also, in a well- 
designed DC servomotor the damping loss 
can be neglected. Hence: 


_ 67.5 _ 
lok = a5 = 5.6A 
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Motor Terminal Voltage 


The maximum terminal vo/tage V is required 


at the end of acceleration interval and may 
be calculated from the standard equation: 


V= Ri,+ Keon (5.6.8) 
In this case we must consider the ‘‘hot”’ 


resistance of the motor armature (20% in- 
crease) so that 


R = 1.2x 1.6 Q = 1.92 22 
I, = 1.=5.6A 
Ky | 
Ke = 1.3504 [V/krpm; oz-in/A] 
[see (2.1.24) ] 
K_- = 8.873 V/krpm 
n = 716 rpm 


Substituting into (5.6.8) we get 
V=17.1V 


Thus, a suitable pulse amplifier required to 
drive this capstan servomotor should be 
capable of delivering a peak current pulse 
of 6 A at approximately 20 V in the des- 
cribed repetition mode. 


Calculation of Motor Power Dissipation 


We will now proceed to calculate motor 
power dissipation for the example at hand. 


The maximum repetition rate is chosen as 
the basis for ‘‘worst case’ calculation. All- 
though the power dissipation during the 
velocity mode portion of the velocity pro- 
file is very small compared to the accelera- 
tion/deceleration dissipation, it has been 
included in the calculation below. In some 
examples, it can be safely ignored. 


The peak acceleration/deceleration current 
was calculated to be 5.6 A. The power 
dissipation — heat loss — in any device is 
2 

RMS 

RMS value of the current as follows (refer 


to Fig. 5.6.5): 


given by R I We can calculate the 


lems = oa (5.6.9) 
For the current profile of Fig. 5.6.5 we get 


lems = 4.02 A 


Armature heat loss is therefore 


-pi? . 2 
PL = Rong = 1.92 x 4.02 


= 31.03 W 
In order to see whether the motor can 
handle this power dissipation, we can check 
the temperature rise of the uncooled Electro- 
Craft M-1400 motor under the conditions 
calculated above. © 


The M-1400 has the thermal resistance 


Rip, = 2-4 °C/W 


The motor armature temperature rise will 
then be 


©. =P, Ry, = 74.47 °C (5.6.10) 


Assuming a maximum ambient temperature 
of 40 °C (and a maximum safe armature 
temperature of 155 °C), we will reach a final 
armature temperature of: 


O, =O, + O, = 114.47 °C (5.6.11) 


which is safely inside the maximum tempera- 
ture limit of the armature. 


If we were to use forced-air cooling, the 
thermal resistance would decrease drastical- 
ly, and the armature temperature would be 
much lower than the foregoing example 
shows. Conversely, much higher dissipation 
rates could be accommodated. 


0) 


77 Start pulse 


- Stoo pulse 


Fig. 5.6.5. Current profile for a typical incre- 
menting application. 


Slewing Requirement 


One of the most interesting features of the 
incrementer servo — as distinct from the 
stepper motor — is its ability to perform 
large displacements at very high s/ewing 
rates without the need to worry about un- 
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stable velocity regions or programmed ac- 
celeration-deceleration. In the system under 
discussion, for example, line printers are 
required to skip large areas of printout 
paper as, for example, when printing out 
on standard size forms. Check writing is a 
typical example. 


The problem reduces to one of allowing 
the servo drive motor to accelerate to 
much higher slewing velocities (typically a 
few thousand rpm) and controlling motion 
so that the system will be decelerated to a 
stop within permissible displacement toler- 
ances. 


_A typical velocity versus time plot of a line 
printer application is shown in Fig. 5.6.6. 
We consider the system acceleration as being 
more or less linear; and, with a sufficiently 
high amplifier voltage and good power 
supply regulation, the mechanism and paper 
can be brought up to 100 in/s in less than 
25 ms. 


Motor Speed {rpmj 


Fig. 5.6.6. Velocity vs. time plot for a line printer 
servo slewing through large displacements. 


Conclusion 


Electro-Craft Moving Coil Motors are ideally 
suited for use as incremental motion drive 
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servomotors, because they have inherently — 
good acceleration (high torque-to-moment 
of inertia ratios). Of equal significance in 
practical systems is the economy of using 
direct-drive DC servo systems with their low 
maintenance costs and high reliability. 


Extensive life testing of the Electro-Craft 
Moving Coil Motors over a five-year period 
has indicated that there is no observable 
deterioration in the performance of the 
motors when they are operated’ within 
specification limits of pulse current and 
armature dissipation. These factors should 
be given very serious consideration when 
specifying Moving Coil Motors for use in 
incremental motion and high acceleration 
drives. 


The Electro-Craft concept of the Moving 
Coil Motor undoubtedly has considerable 


~ development potential, especially in indus- 


trial equipment where the performance 
limits of mechanical indexing or clutch- 
brake devices are approached. It is well 
worth the design engineering effort required 
to investigate the potential performance 
improvement — sometimes an order of 
magnitude improvement in motion time — 
of which the Moving Coil Motor is now 
capable. Nevertheless, it is important to 
realize that the tota/ system’s concept must 
be considered for optimum performance. | 
Electro-Craft is unique in being the only 
manufacturer of low inertia motors with an 
equivalent capability in the electronic servo 
control field. Many customers have bene- 
fited from our wide experience in contro/ 


systems design. 0 


5.6.3. TAG PRINTER FEED DRIVE 
System Requirement 


The drive mechanism positions sales tags 
incrementally during printing and coding 
operations. The tags are driven by a 0.75 in 
diameter wheel which is driven directly 
by the motor. The tags are to be positioned 
0.167 in in 21 ms and remain at rest for 
29 ms. In the worst case, the cycle is 
repeated continuously. The power supply 
is limited to 10 V and 4 A. Roller moment 
of inertia is 0.001 oz-in-s?, and load fric- 
tion torque is 10 oz-in. The maximum 
ambient temperature is 65 °C. 


Motion Profile 


Since there are no restrictions on the mo- 
tion profile expect for motion time, a 
trapezoidal velocity profile with equal ac- 
celeration, run and deceleration times will 


Velocity 
[rad/s] 


be selected to minimize power dissipation 
as illustrated in Fig. 5.6.7. 


The basic data and variables of the system 
are: 


roller radius r= 0.375 in 
linear displacement per step x = 0.167 in 


9, angular displacement during accelera- 
tion time t, 


O5 angular displacement during run 
time t, 


9. angular displacement during decelera- 
tion time t, 


0, = 6, + 05 + 6, total step angular 
displacement 


W, = run velocity 


Time 


Fig. 5.6.7. aaa profile of a tag printer. 
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For a trapezoidal velocity profile 


t, = ty = ty = 0.007 s 


Wot 
0, = 02 = > 
05 = Wot, 
X 
O+ =2 Wot, = “9 
x 0.167 
Q.= = 


0 2rt, 2x 0.375 x 0.007 


= 31.81 rad/s 


Load Calculations 
The next step in the system analysis is to 
compute the load at the motor shaft with 
the following inertia and friction values: 
J, = 0.001 oz-in-s2 
T, = 10 oz-in 
We can calculate the load torques during 


time intervals ty, ty and t, and also the 
RMS load torque as follows: 


a) load torque during time t, 


+ T, = 14.54 oz-in 
1 
b) load torque during time t, 


Tho = Ty = 10 oz-in 
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c) load torque during time t, 


ee —T, =— 5.46 oz-in* 
L3 tb L 


d) RMS load torque (for t, thru t,) 


(5.6.12) 


Motor Selection 


The initial selection of a first motor candi- 
date is based on educated guesswork. When 
the results of the first selection are ex- 
amined, the second or third choices (if 
needed) are usually close to the optimum. 
In this case, a high-performance Moving 
Coil Motor is not required because accelera- 
tion rates are relatively low. Therefore, 
we can accept a certain mismatch between 
the conventional motor armature moment 
of inertia and the relatively low load mo- 
ment of inertia in order to choose the most 
economical motor for the application. Then 
we can also expect that the RMS generated 
torque required will be 1.5 to 2 times 
greater than the RMS load torque. We will 
try a Motomatic E-540 with the following 
parameters: 


K, = 10.02 oz-in/A 


R =1.55 2 @25°C 


*The negative sign here indicates that the friction torque 
is higher than the torque required to stop the load in time 
t. However, when the motor inertia is later added, we 
shall see that a positive torque is, indeed, needed to stop 
the motor and load in time. 


= ~. 2 
3 oe 0.0038 oz-in-s 
D = 0.1 oz-in/krpm 
Ty = 3 oz-in (maximum) 


R= 5-0 °C/W 


We will first go through a hand calculation 
of the motor and amplifier requirements, 
and then follow with a computer analysis 
of the same problem. 


The torque values T,,, Tio, and T, 4 are 
functions of the load conditions only — no 
attention has yet been paid to the effect of 
a motor and its associated friction and 
inertia contributions. In the following sec- 
tion we will now include the constants of 
the selected motor to get values for the 
generated torque, which is the total torque 
required to run the motor and the load 
under specified conditions. 


Generated torque required during time t, 


(J +J,) w 
T, = PF 4 TL + Ty 
ty 


34.81 oz-in (5.6.13) 


Damping torque is neglected here since 
motor speed is low and the damping con- 
stant is small. 

Generated torque required during time t, 


Ty = Ty, + Ty = 13 oz-in (5.6.14) 


Generated torque required during time t, 


(Jin tyL) Wo 
T3 = =r —T,-Ty 


8.81 oz-in 


(5.6.15) 


Total RMS generated torque required (for 
ty thru t,) 


ET t 
eee oem 
Tams > Yo3t 
= 14.29 oz-in (5.6.16) 
Armature Temperature Calculation 
Temperature rise [see (5.3.7) ] 
2 
R Rth lRus 
Os oe (5.6.17) 
where 
T 
RMS 14.29 
Thus, 
nae 1.55 x 5 x 1.432 


1 — 1.55 x 5 x 0.00393 x 1.432 


16.9 °C 


Remembering that ©, was established at 
65 OC, we get 


@, =O, +O, = 82°C 
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Thus, we notice that the biggest contributor 
to motor heat is the ambient temperature, 
but the motor temperature is well below 
the maximum limit of 155 OC. 


Amplifier Requirement 


During time t, 


V,= RAI, + Ken, (5.6.18) 


~ where the “hot” resistance 
R= R (1+ You O,) 


1.55 (1 + 0.00393 x 57) 


1.9 Q2 


Note that 0, must be the temperature rise above 
25 °C (which is the temperature at which R is 
established). 


K+ 
= = 7.409 V/k 
he ieee 
ie = 9.5493 w, = 303.8 rpm 
Thus, 
V,= 8.85 V 
During time t, 
af 
ee ene 
2 = K, 10.02 — ne 


Vo = Ryly + Ken, = 4.73 V 


During time t, 


V3 = R, Is + Ken, =3.92 V 
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Thus, we can stay within the power sup- 


ply limitation of 10 V and 4A. 


Next, we will show the same analysis per- 
formed by a computer program developed 
by Electro-Craft Corporation. Fig. 5.6.8 
shows the input data sheet, displaying not 
only input data but also the symbols 
accompanying it on the printout. These 
symbols may vary somewhat from the ones 
used throughout this book, due to the 
absence of suitable symbols on the printer. 


The computer program (Fig. 5.6.9) sim- 
plifies the calculation chores and allows 
easy COMparison of power dissipation and 


power supply demand by various motor 
models. 


Worst Case Motor Analysis 


In the following example we have evaluated 
the tag printer application power dissipa- 
tion and amplifier requirement, using the 
worst case torque constant and armature 
resistance. Assume K+ to be 8% lower 
than nominal and R to be 8% higher than 
nominal for this evaluation. The result for 
this situation is.given in Fig. 5.6.10. We 
can see that the armature temperature rose 
by 6 OC, and that the voltage and current 
requirements rose less than 10% from the 
values computed using nominal motor con- 
stants. The results shown here may not 
seem dramatic, but this is due to the rela- 
tively low motor power dissipation in this 
application. In cases where the motor is 
operating close to its dissipation limit, it 
is very important to perform the worst- 
case analysis to prevent unexpected dis- 
sipation problems from limiting the opera- 
tional performance of a system. 


INCREMENTAL SERVO; COMPUTER ANALYSIS 


ELECTRO-CRAFT CORPORATION 


Program Name INCR5* Customer: Date: 


Application: 7AG PRINTER FEED DkivEcontact (Engineer) : 


Velocity Profile: Telephone: 


“T) T2 #73. 7% 

Problem Input Data (supplied by customer) : 

At line 10 (1) Vl, Forward/Reverse velocity 3/.9 
(2) V2, Rewind/Slew velocity Mtn Sel 

At line 11 (1) Tl, Acceleration time, mS 7 
(2) T2, Run time, mS 
(3) T3, Deceleration, mS | 7 | 
(4) T4, Dwell time, mS 1 29 | 


(NOTE: Lines 10 and 11 define the velocity profile: it may be neces- 
sary to satisfy a given value for 's'; however, before entering the 
data into the computer, it is a preferred method to define the velocity 
profile in terms of velocity and time values.) 


At line 12 (1) Jl, Load inertia, oz.-in.-sec.? 
(2) Rl, Drive roll or capstan radius 
(3) F, Friction Torque at load shaft, oz.-in. 
(4) G, Reduction gear, motor to load 
(5) Ta, Ambient temperature °C. 


(NOTE: Line 12 defines the load conditions.) 
Input Data (Supplied by ECC): 


At line 20 (1) M, Motor Model No. 
(2) Kl, Motor torque constant (oz.-in./amp.) 
(3) R2, Motor armature resistance (at 25°C.) 
(4) J2, Motor inertia (oz.-in.~sec.?”) 
(5) K8, Motor viscous damping constant 

(oz.-in./KRPM) 

(6) Tp, Friction Torque oz.-in. 
(7) Rep. Thermal Resistivity °C./watt 


(NOTE. To assist ECC Applications Engineering in the selection of the 
best available motor, it is helpful if customer can supply the follow- 
ing additional information: 


1. Max. ambient operating temperature for the system (°F. or °C.) 

2. Is air cooling available? 

( Max. voltage and current available with proposed (or existing) 
power amplifier. 


Fig. 5.6.8. Incremental servo computer analysis for tag printer feed drive. 
(Not corrected for this third edition) 


5-75 


5-76 


PLN VEL@CITY CRAD/SEC) = 3149 


Ti = 7 Se = OebLE ACCs PRFIL/Ste = 4552 
T2 = 7 S2@ = 8-84 

T3 = 7 $3 = GeG42 GECs RAL/Lte = £552 
[WELL TIME = 29 T@TAL LISPLACEMENT = @©e167 


M@T@R KUN KPM = 364 

MAX REF FETE CSS CYCLES/SE:.) = 2@ 
AMBIENT @PERATING TEMP CLCEGREES ©) = 6% 
J1 = e011 Ril = ©6375 Fil = 16 € = } 


‘IMOTOR MODEL @54¢ ARMATURE TEMP CLECKEES () = 


K}1 = Pehoel™ FeEzYeSS JR =He OSH KEzrGel FE = B 


ARMATURE FORER LISSIPATIVUN €C #ATTS) = 2e9 


RMS CUPFEENT CAMPS) = 124 
TERMINAL RESISTANCE Fi MeéXK TEMP C@HMS) = 1491 
&CC TeROUF ClNNHi7) = 3409 


Te ACO = %eh VeFCC = 8e9 
‘“FOUN = Vek VrrRLN = 42¢7 
TeLFC = ¢ 0G VeLbFC = 749 


Fig. 5.6.9. Computer printout of tag printer feed drive analysis. 
(Not corrected for this third edition) 


Tl = 7 Sl = Gebse PCCs kis ste = 4552 
Te = 7 Seo = Gek&4 

73 = 7 SQ = Gek 42 PECs FAL/Ste = 45582 
DWELL TIME = 29 TETEéL LISFEt ACEMENT = Ge 16% 


M@T@OR RUN PPM = Bee 

MAX KEF FATE CS"S CYCLES/SEC) = ck 
PMBIENT @FRRETING TEMF CLEREFES UO) = 65 
J1 = GeG@1 FI = FeSTS FI = 16 C =1 


MOTOR MUDEL #52487 ARMATURE TEMP CLEGREES ©) = 
K) = Gel REE LFF Jethe COBE Keto Fe = 3 Ka 
FRMATURE FOWER CISSIFE&TION ChATIS) = 5el 

-MS CURRENT CAMPS) = 1e€é 


TERMINAL RESISTANCE AT MAX TEMP COCHMS) = 2.09 
ACC T@RAULF CIN-@7) = 349 


T- ACC = Ge k V- ACC = Le 
T*RUN = 1¢4 V-RUN = S 
= 1 Ve LECH=4e] 


I-T FC 


Fig. 5.6.10. Tag printer drive worst case analysis. 


Ka 


5.6.4. CONVEYOR DRIVE SYSTEM 
System Requirements 


A motor must be selected to mate with 
existing drive components. The conveyor 
and load must be accelerated from rest to 
200 ft/min in 0.5 s, driven at constant speed 
for 14s and decelerated to rest in 0.5 s. For 


Drive chains {2° 


r— Drive 


\— Sprocket # | 


eae 


\ 
— Motor 


Fig. 5.6.11. Drive train mechanism for conveyor 
drive system. 


Load Velocity 
[ft/min] 


Fig. 5.6.12. Motion profile for conveyor drive 
system. 


/ wheels (4) 


worst case analysis, the cycle is repeated 
continuously. The drive train description 
and motion profile are shown in Figs. 5.6.11 
and 5.6.12, respectively. 


Load Calculations 


The first step in the system analysis is to 
calculate the load at the motor shaft. In 
this case, all the inertial loads were not 
known by the customer, but mechanical 
dimensions and weights of each were fur- 
nished. From this data, the moments of 
inertia can be calculated. All moments of 
inertia are calculated here as equivalent 
moments of inertia at the motor shaft. 


Note: tn this example, the mass m of individual parts of 
the drive mechanism is calculated in units [oz-s2/in] ,not 
in [slug] (see description of the British system of units in 
the Appendix A.2.). This is more convenient because the 
moments of inertia, J, are calculated in units [oz-in-s2] 
and no conversion factors have to be used. The mass m is 
thus calculated from given weight w [oz] as follows: 


m=— [oz-s¢/in: oz, in/s2] 


(5.6.19) 
where 


g = 386.0878 in/s* isthe standard gravi- 
tational acceleration. 


Load moments of inertia are as follows: 
1. Reducer 


J, = 0.04 oz-in-s? 


(manufacturer’s list value) 
N = 10 — gear ratio 
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2. Sprocket #1 


lo 2 in — radius 


Wo = 2\lb = 3202 


m2 
Mm, = —- = 0.0829 oz-s7/in 


2 
Jo = = (0.00166 oz-in-s 
2 N2 
3. Sprocket #2 
rg = 6 in 
W2 = 20 Ib = 320 oz 
mz = 0.829 oz-s¢/in 
m 2 
3 
Jy = ———~, = 0.0166 oz-in-s” 
r 
2 ( ‘s) 
rp 
4. Chain | 


W, = 24 Ib = 384 oz 
m, = 0.995 oz-s2/in 


m i 
= 0.0398 oz-in-s2 


NZ 
5. Drive Shaft 
fs = 1.5 in 


5-78 


We = 80 oz 


mg = 0.207 oz-s?/in 


Ms i 
Je = ————— = 0.000259 oz-in-s* 


2 
r 
a(n 3) 
ro] 


. Drive Wheels (4 pcs) 


fg = 8in 
we = 20 lb = 320 oz 
one wheel 
mg = 0.829 oz-s*/in 
mM 2 
6 
Jg = 4 ———= 0.118 oz-in-s2 


2 
r 

2In— 
rp 


Wz = 100 Ib = 1600 oz 


m,= 4.144 oz-s¢/in 


= 0.295 oz-in-s@ 


. Drive Chains (2 pcs) 


wg = 150 Ib = 2400 oz 
| one chain 
mg = 6.216 oz-s*/in 


2 
Me r 
: 5 = 0.884 oz-in-s? 


r 
9 


Total load moment of inertia 


Jb = Jy tees + Jo = 1.395 oz-in-s2 


Load Friction Torque 


Next, we calculated the friction torque at 
the motor shaft. ae = 40 lb-ft is the load 
friction torque measured at the drive shaft. 
Therefore, load friction torque at the motor 
shaft is given by 


Th 


Ti¢ = 1.333 Ib-ft = 256 oz-in 
r 
3 
N —<memnee 
rp 


RMS Load Torque 
We now have sufficient information to 
calculate the RMS load torque at the motor 


shaft. This can be computed from torque 
values during t,, tp and t,. 


Load torque during time t, 


Load torque during t, is acceleration torque 
plus load friction torque: 


Ty = Tart Te 
where 
- Wo 
T34> SS 
ty 


and 
My 83 
no te Ng 
v = 200 ft/min = 40 in/s 
Then 
W, = 150 rad/s 


T,,4 = 418.5 oz-in 


= 674.5 oz-in 


= 
| 


Load torque during time t, 


Load torque during time t, is simply the 
load friction torque 


T, = Tie = 256 oz-in 


Load torque during time t, 


Load torque during time t, is the difference 
between acceleration and friction load tor- 
ques (see the velocity profile in Fig. 5.6.12): 


T, =7T,, —Ty, = 162.5 oz-in 
RMS load torque is then given by 


ZT, t 
(T, ems = TT = 277.87 = 278 oz-in 


Motor Selection 


In this system, acceleration torques contri- 
bute a relatively small part to the RMS load 
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INCREMENTAL SERVO; COMPUTER ANALYSIS 


ELECTRO-CRAFT CORPORATION 


Program Name INCR5** Customer: Date: 
Application:COWVEYOR DRIVES ¥sTE/qcontact (Engineer) : 


Velocity Profile: Telephone: 


T T2 13 8 T% 

Problem Input Data (supplied by customer): 

At line 10 (1) Vl, Forward/Reverse velocity, ips | J5O | 
(2) V2, Rewind/Slew velocity, ips ee 

At line ll (1) Tl, Acceleration time, mS Soo 
(2) T2, Run time, mS 1/4000 
(3) T3, Deceleration, mS | S00 | 
(4) T4, Dwell time, mS | oO | 


(NOTE: Lines 10 and 11 define the velocity profile: it may be neces- 
sary to satisfy a given value for 's'; however, before entering the 
data into the computer, it is a preferred method to define the velocity 
profile in terms of velocity and time values.) 


At line 12 (1) Jl, Load inertia, oz.-in.-sec.? LY | 
(2) Rl, Drive roll or capstan radius oe 
(3) F, Friction Torque at load shaft, oz.-in. |Z 56 
(4) G, Reduction gear, motor to load ee, Bee, fl 
(5) Ta, Ambient temperature °C. 12s | 


(NOTE: Line 12 défines the load conditions.) 


Input Data (supplied by ECC): 


At line 20 (1) M, Motor Model No. feet 
(2) Kl, Motor torque constant (oz.-in./amp. ) 26.9| | 
(3) R2, Motor armature resistance (at 25°C.) | .yv23 | | 
(4) 32, Motor inertia (oz.-in.-sec.”) 15 |) | 
(5) K8, Motor viscous damping constant ln ea 


(oz.-in./KRPM) | 
(6) Tp, Friction Torque oz. —in. / 
(7) Ren. Thermal Resistivity °C./watt | 706 | 


4 


(NOTE: To assist ECC Applications Engineering in the selection of the 
best available motor, it is helpful if customer can supply the follow- 
ing additional information: 


1. Max. ambient operating temperature for the system (°F. or °C.) 

2. Is air cooling available? 

3 Max. voltage and current ava:lable with proposed (or existing) 
power amplifier. 


Fig. 5.6.13. Analysis form for conveyor drive system motor application. 
(Not corrected for this third edition) 
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torque. Therefore, it is estimated that a 
motor capable of providing the calculated 
acceleration torque and delivering in excess 
of 278 oz-in RMS torque will be adequate. 
A Motomatic E-702 seems to be a logical 
choice. 


Motor parameters: 


K+ 26.9 oz-in/A 


R = 0.4302 @ 25°C 

J. = 0.15 oz-in-s? 

D = 7oz-in/krpm 

Te = 15 0z-in (maximum) 

Ry,= 1.6 0C/W 
Motor Performance Calculation — a comput- 
er input data sheet is shown in Fig. 5.6.13, 
and the corresponding solution printout 
appears as Fig. 5.6.14. For examples of the 
calculations, hand computations will also be 


carried out below, permitting a comparison 
to be made. 


FUN VEILG@CITY CRALD/SEC) = 150 

Tl = SOD ACCs RAL/Ste = 306 

Te = 14@66 

T3 = SO? ACCs RAL/Ste = 300 

IM ELL TIME = © 

WAX FEP RATE €S-S CYCLES/SEC) = +67 
AMELFNT @PERATING TEMP CDEGREES C) =25 
Vyozle4 Fi = 256 


MOT@F MODEL #702 ARMATURE CDEGCREES C)=166 
Kf = P4e9 Re = 643 J2 = +15 KB = FT FE = IS RB = 1eE 


ARMATURE P@WER DISSIPATION CWATTS) = 84-2 
FMS CURRENT CAMPS) = 1143 

TERMINAL RESISTANCE AT MAX TEMP CHHMS) © 65 
PCC TORELE CIN-@7) = 741 


I-ACC = 2765 V-ACC = 46¢6 
I-RUN = 16¢4 V-RUN = 3503 
I-LEC = 7 V- DEC = 2242 


Fig. 5.6.14. Conveyor drive system motor selection 


printout. 


Manual Calculations 
Generated RMS Torque 


The required motor torques in time intervals 
ty, ty and t, can be calculated from load 
torque data by adding the motor parameters 
das D and Ty. The individual generated 
torques then become 


T, = 741 oz-in 
Ts = 281 oz-in 
T3 = 189 oz-in 


and the required RMS generated torque Is 


RMS value of motor current is then 


- 
RMS _ 305.3 
las =—K_ = 96.9 ~ 1135A 


Amplifier Requirements 


Current and voltage requirements during 
times ty, ty and t, must be calculated based 
on temperature stabilized armature resis- 
tance. 


Armature temperature rise ©, is given by 


2 


R Ry, | 
e, = ——_—aass— 5.6.17) 


Panes 2 
1- RRA 


The E-702 motor has 
R = 0.43 22 


Ri,= 1.6 °C/W 
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so that 


0, = 136°C 


r 


The motor resistance at operating tempera- 
ture is then 


R, = R(1+ WO0,) = 0.66 2 
a) During time t, 


Ty] 741 


= > 2e9 7 27.554 


V, = RL, + Ken, (5.6.18) 
where 
Ky 
Ke 73504" 19.9 V/krpm 
n, = 9.5493 x 107% w, = 1.432 krpm 
so that 
V,= 46.7V 


b) During time t, 


T 
2 281 
— 2 eee = 4 A 
2 KT 26.9 baie 


V5 R, I, + Ken, = 35.4 V 


c) During time t, 
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Motor temperature 
0, sO On 136 + 25 = 161 oC 


Notice that armature temperatures, 161 OC 
and 160 °C (calculated by computer — see 
Fig. 5.6.14) exceed the temperature rating 
of the motor. Let’s evaluate the next 
larger unit available, a model E-703 with 
the following characterics: 


K, = 24.5 oz-in/A 


R = 0.2602 @25°C 


= 0.2 oz-in-s2 


D = 10 0z-in/krpm 
T, = 15 0z-in (maximum) 
Rin = 1.2 °C/W 


The computer solution is given in Fig. 
5.6.15. 


RUN VEL&CITY CRAD/SEC) = 158 
5 ACC RAD/St2@ = 386 
1460 


oo} 
9 
youwou 


mae, SEE ACCs RAD/S#+2 = 2eU 

LY FLL TIME = € 

MEX REF RATE CSS CYCLES/SFEC) = +47 

AMBIENT CPERA@TING TEMP CDEGREES C) = 25 

Ji = Jed Fi = @56 

MOTOR VMOLBL #703 PRMETURE TEMP CDECREES CY = B7 
Kj} = 2405 KEEB-C6 JO = Gel KB =10 Fe #15 KB =Hlee 


AFMATURE FQ@WER DISSIPATION CWKATTS) = S18 
R®YS CURRENT CAMPS) = 12¢7 
TERMINAL FESISTANCE AT MAX TEMP COHMS) = Ged3e 
ACC TORCLE CIN-¢2Z) = 758e2 
1-ACC = 3069 V-ACC = 36 
I-RUN = 116 V< RUNZ29 «7 
TeDREC = Be? V- DEC = 28e7 
Fig. 5.6.15. Re-run of the conveyor drive system 
problem, applying the E-703 motor. 
Note that in the printout of Fig. 5.6.15 the 
armature temperature (87 °C) is well with- 
in the temperature rating of the motor. 
This is due to the added stack length of the 
E-703, which provides a comfortable mar- 


gin for temperature consideration. 


Therefore, the Motomatic E-703 can be 
used in this application, meeting all system 
requirements without overheating. Oo 


5.6.5. COMPUTER TAPE TRANSPORT 
REEL MOTOR 


The function of a reel motor in a computer 
tape system is to hold the amount of tape 
stored in the buffer bins constant (see 
Fig. 5.6.16). The reels are wound and 
unwound as required by the motion of the 
drive roll or capstan motor. Rotational 
speed and direction of the reel motors is 
controlled by the amount of tape hanging 


the buffer bin. They produce a voltage 
which is proportional to the tape loop posi- 
tion in the buffer bin. As the tape moves 
up and down in the buffer bin, a greater 
or lesser number of photocells are shaded. 
If a sensor is shaded by tape, it turns a 
switching circuit off. Summing the voltages 
produced by the switching circuits yields 
a voltage signal proportional to tape position 
in the bin (Fig. 5.6.17). When the position 
signal is positive, the reel drive functions 


in the buffer bin. so as to provide the buffer bin with tape. 
When it is negative, the reel drive functions 


The tape transport under consideration has 
SO as to remove tape from the bin. 


32 photocell sensors placed on the wall of 


Computer read station 
— Reel motor 


C 
oo 


hy Ay fi 


a 
aN 


Feed reel 


© 


| | Take-up reel 
| 

| 

| o 


Q , —_ 
J . capstan 
Buffer bin 


L - f 
Buffer bin 


Sensing 
a 


Fig. 5.6.16. Computer tape transport reel drive system. 
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The computer run for an application of 
this type is presented in Figs. 5.6.18 and 
5.6.19. The results show that the motor 


+12V 
® 
> 4) 
2 
5 0 
$ 
-12V 


Up Center Down 


Tape Position 


Fig. 5.6.17. Voltage vs. tape position in the bin 
of Fig. 5.6.16. 
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selected, under specified conditions, will 
achieve a maximum armature temperature 
of 108.5 °C, with an armature dissipation 
of nearly 70 W. 


“EEL SERVO ANALYSIS TGMPLIMENT. JF ELECERO (xAtT CORK 
rORWAKG OFERATING SPEEL CIPS)s 125 
XNERIND SPEED (IPS)= Sug 

MOTOR MOCFL NOs £-7623 


weet EMPTY wo REF: FULL WO KEWING 


MAX MOTOR SPEED (RPM) 4990334 2296667 1837033 
ARMATURE DISSIPATION (WATTS) 3504157 69 «3 EES 
AvMATURE TEMP (DEG C) 67¢A797 108045 
AUCEL TORQUE (0Z2-IN RMS) 259 0349 3420276 
ACCEL CURRENT (AMES RWS) 6017497 8014943 


INPUT DATS CRECK 

AMBIENT TEMPS 25 

whe 2ef RO= Se2 Jt e355 J2= 102 
Gis 1 X1= 14 Nis 1 F112 4 T7= 8 


MOTOR DATA FOR MODEL NGe €-743 
riz a2 R2= Be79 J3= Ge2 K8= 1A F2= 15 K3= 102 


Fig. 5.6.18. Computer printout of tape transport 
reel motor analysis. 


ELECTRO-CRAFT CORPORATION 


Reel Servo Analysis 


Program Name: REEL 5* Customer: 
Application: REEL SERVO Engineer: 
Date: _ Telephone: 


Input Data (supplied by customer) : 


At line 10 (1) Vl1= Operating tape speed, ips 
(2) V2= Rewind speed, ips 


At line 11 (1) R4= Empty Reel Radius 
(2) R5= Full Reel Radius 
(3) Xl= Max. cverail motion of sense 
point (Max. +point to max. 
- point in inches) 
(4) Jl= Empty Reel Inertia 
(5) J2= Full Reel Inertia 


At line 12 (1) Gl= Gear Reduction Ratic (from 
motor to reel) 
(2) Nl= No. of Tape Loops 
(3) Fl= Friction of Reel and Tape 
(4) T7= Tape Tension 
(5) gl= Ambient Temperature (°C) 


Mutor Data (supplied by ECC): 


At line 20 
through 99 (1) MS= Motor Model No. (Any number 
of motors can be input to 
program up to 80) (Enter 
Motor No. Using This Format: 
E-703) 
(2) Kl= Motor Torgue Constant oz~-in/amp 
(3) R2= Motor Resistance at 25°C(ohms) 
(4) J3= Motor inertia (oiss) 
(5) K8= Damping Constant (oz-in/KRPM) 
(6) F2= Friction Torgue (oz-in) 
(7) R3= Thermal Resistance 


NOTE: To assist ECC Applications Engineering in the selection of the best 
Available motor, it is helpful if customer can supply the following additional 
information: 


1. Max. ambient operating temperature for the system 
(°F, or °C.) 

2. Is air cooling available? 

3. Max. voltage and current available with proposed 
(or existing) power amplifier. 


Fig. 5.6.19. Computer analysis input for the tape transport reel motor application. 
(Not corrected for this third edition) 0 
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5.7. APPLICATION OF P6000 SERIES 
SERVO MOTOR SYSTEMS 


The P6000 systems are unique among the 
spectrum of servo motor controls currently 
on the market. Their uniqueness stems 
from the “total system’’ approach used 
during their conception and design. The 
design features incorporated in the series 
result in a wide range of highly flexible 
modules which can be interfaced with 
each other to enable the construction of 
custom systems tailored exactly to the 
needs of the user. Electro-Craft has had 
over 10 years of experience designing 
custom systems for specific applications; 
the know-how built up over those years 
has enabled the incorporation of many 
unique and previously unavailable features 
into the P6000 series. 


9.7.1.GENERAL DESCRIPTION OF 
THE P6000 RANGE OF SERVO 
MOTOR CONTROLS 


The heart of P6000 series is a fast re- 
sponse Pulse Width Modulated fully re- 
“generative DC amplifier. The amplifier 
uses a fixed switching frequency of 20 kHz 
which eliminates the annoying audible 
noise generated by other types of PWM 
amplifiers. The series incorporates the 
following standard features: 


Dual Stage Current Limit — |Independently 
adjustable peak current and average current 
limits, together with full adjustment of the 
peak current limit duration. These adjust- 
ments can be made internally or from 
remotely mounted potentiometers. 
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Regenerative Energy Protection — The 
amplifiers are fully protected against the 
build-up of electrical energy in the power 
supply caused when high inertia loads are 
decelerated slowly. Units not having this 
kind of protection are susceptible to catas- 
trophic failures under certain load condi- 
tions. 


Crowbar Protected Power Supply — This 
feature makes the amplifier short circuit 
proof. If either output terminal on the 
amplifier is shorted to the other or to 
ground, or if the amplifier operation is 
disrupted by component failure or misuse, 
an SCR in the power supply is triggered 
blowing the power supply fuse and dis- 
charging the energy stored in the storage 
capacitors. This feature protects the output 
transistors and prevents’ catastrophic 
failure. Switching amplifiers not having this 
feature can fail in a literally ‘‘explosive”’ 
manner. 


Amplifier Clamps — The amplifier has 
built-in clamping to prevent output surges 
during application or removal of AC power. 
Other circuits also provide independent 
clamps for clockwise and counterclockwise 
rotation for uses as end of travel limits. 
These clamps can be actuated by logic 
signals or contact closures. 


Separate Power Supply — The power 
supply which enables operation from stan- 
dard AC lines can be separated from the 
amplifier unit and mounted independently, 
or if desired, the amplifier can be 
purchased without the power supply and 


used in conjunction with existing unipolar 
DC supplies. 


Flexibility — The amplifier has provision 
for up to three plug-in option p.c. cards. 
One of these is permanently used for the 
servo summing amplifier; the other two 
can be used to connect a wide range of 
standard or custom options. A complete 
list of options can be found in section 
5.7.2. 


Serviceability — The amplifiers have been 
designed to meet the maintainability re- 
quirements of both the “‘minimum down- 
time user’’ and the user who is working on 
a tight budget and cannot keep a stock of 
spare assemblies. For the ‘‘minimum down- 
time user’’, all major subassemblies and p.c. 
cards can be replaced by removing a max- 
imum of four screws in each and unplug- 
ging the assembly. In fact, since all input/ 
output connections are made through plugs 
and sockets, if preferred, the entire ampli- 
fier can be replaced in minutes. 


For the user who prefers to troubleshoot 
and repair rather than replace, all test 
points are brought out to a 14-pin test 
point array for easy location; current 
loops are provided on the output stages 
to enable use of oscilloscope current 
probes; and all p.c. cards are hinged for 
access tO components without removal. 


Dual Axis Amplifiers — All models of the 
6000 series are available in a dual axis 
configuration with two amplifiers sharing 
One power supply. This arrangement gives 


maximum efficiency and economy saving 
as much as 20% on the cost of a dual axis 
system. 


5.7.2.STANDARD OPTIONS 


This list represents all of the standard 
options for the P6000 series which were 
available at the publication date (August 
1975). More standard options are planned, 
and in addition custom options to meet 
your exact needs are available. 


R1000 Ramp Generator 


The R1000 option permits the selection 
of one of two preset adjustable acceleration - 
rates and one of two preset adjustable 
deceleration rates. The adjustments for 
ramp slopes are independent of each 
other and the different preset slopes can 
be selected by switch contacts or logic 
signals. 


The R1000 also permits the selection of 
One of two preset adjustable motor speeds 
Or a speed set by an external analog signal, 
thus the option can be used for digital 
selection of speed. 


The ramp generator does not affect the 
closed-loop frequency response of the 
system to load disturbances. 


The option is useful in any application 
where the acceleration and deceleration 
need to be controlled in a repeatable man- 
ner. 
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PL1000 Phase Lock System 


The phase lock option enables speed con- 
trol with zero long term speed drift and 
synchronization of a motor with any other 
moving part. 


This option is particularly suited to applica- 
tions where the speed of the motor forms a 
reference, such as chart drives or scanning 
drives. The system is also ideally suited to 
component marking applications where a 
motor driving a marking head has to be 
accurately synchronized with components 
on a moving conveyor. 


DPS 6000 Digital Positioning System 


The DPS 6000 is digital position system 
option which can be ordered with the stan- 
dard P6000 Pulse Width Modulated servo- 
motor controller series or the L5000 
linear servo amplifiers. The unique design 
of the DPS 6000 and the high performance 
of the P6000 series controllers combine to 
provide a positioning system that can 
achieve higher accuracy and faster step 
times than stepper motors, clutch/brakes 
and other widely used systems. 


A typical 200 step per revolution system 
will give single step times of 15 ms, in- 
cluding settling and slew speeds of 10,000 
steps/second — even with load moments of 
inertia as high as 0.05 oz-in-s? — without 
loss of position. 


Positional accuracy is typically in the order 
of 0.59, even with high disturbing torques. 
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Greater accuracy can be obtained by using 
systems having higher resolutions without 
deterioration of high speed slew and large 
step performance. Holding torques are on 
the order of 250 oz-in peak, 140 oz-in 
continuous. 


The system accepts parallel binary or BCD 
step size inputs which enables direct 
control from thumb wheel switches and 
direct operation from  minicomputers, 
eliminating the need for a translator/in- 
dexer or other interface logic. 


An 8 bit speed input is provided so that the 
speed of the motor during stepping can be 
controlled. This feature, or the alternative 
analog speed input, enables the DPS 6000 
to be used for contouring as well as point 
to point positioning applications. 


For specifications see Chapter 7. 


5.7.3.STANDARD DRIVE PACKAGES 


The SD series of Standard Drive Packages 
consist of specially matched combinations 
of Electro-Craft servo motors and servo 
controllers. Both the motor and control 
are manufactured by Electro-Craft and are 
covered by a single warranty. Thus Electro- 
Craft can offer total system responsibility. 


All of the SD series can be fitted with any 
of the standard or custom plug in options. 


Full specifications of the SD series can be 
found in Chapter 7. 


5.7.4. AMPLIFIER INSTALLATION 


Portions of the amplifier and power supply 
produce heat which must be vented away 
from the components. Thus it is important 
to allow sufficient space around and above 
the amplifier for proper air circulation. 
Electro-Craft recommends at least 1 in 
clearance above and on both sides of 
the amplifier and power supply. If the 
amplifier is located in a completely en- 
closed cabinet, louvers or vents must be 
provided on each side near the fan. In 
addition to this, enough space should be 
allowed in front of the amplifier so that the 
logic control motherboard may be tilted 
down for servicing: For this to be done, 
5.5 in of clearance should be provided in 
front of the amplifier... Another 2 in of 
clearance should be left behind the power 
supply to allow replacement of fuses and 
disconnection of rear panel connectors. 


Holes have been provided in the chassis 
rails to secure the amplifier and power 
supply to a sub-chassis or other surface. 
If the power supply is being mounted re- 
motely and the rails are not being used, 
the holes in the chassis may be used. These 
components should be secured using 
#10-24 machine bolts of sufficient length. 


5.7.5. CONTROL ADJUSTMENTS 
Motherboard Controls 
The controls that regulate the current 


limiting circuitry of the amplifier are 
located on the motherboard. Because the 


peak current adjustment will affect the 
average current adjustment, the peak cur- 
rent control should be set first. Unless a 
model P6042 Tektronix DC current probe 
is avallable, the peak current adjustment 
should be set by percent of rotation. The 
P6100 peak current range is between 
3.5 and 15 A. Thus, when the control 
is fully clockwise, the peak current limit 
will be 15 A, while one-half rotation will 
allow only 9.25 A, or one-half the differ- 
ence between the upper and lower limits. 
The P6200 amplifier should be adjusted 
using a range between 7 and 25 A, and 
then following the same procedure. The 
Same method may be used when setting 
the peak current duration, or the time to 
which the current limiter will allow peak 
current. The range of adjustment is be- 
tween 0.01 s and 0.1 s. With the control 
set at maximum clockwise rotation, the 
peak current duration will be 0.1 s. A 
central position will allow about one-half 
this time. 


The next step is to set the average current 
limit. This setting will not effect the peak 
current limit. Set the control fully counter- 
clockwise. With a DC ammeter in series 
with either motor lead, operate the motor 
under a stall condition. Slowly turn the 
average current limit control clockwise 
until a current reading is obtained which is 
considered the safe maximum continuous 
current of the motor to be used with the 
amplifier. 


An alternate and more precise method of 
current adjustment would be to make use 
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of the Test Point number 6 on the Mother- 
board. This point is the output of the cur- 
rent sensing amplifier and will give a volt- 
age reading proportional to the amplifier 
current. An oscilloscope can be carefully 
connected to this point and the motor 
current set using the following proportion: 


0.2 Volts 
0.4 Volts 


1 Amp 
1 Amp 


P6200 — 
P6100 — 


Summing Amplifier 


The gain control on the summing amplifier 
(plug-in card) should be turned as far 
clockwise as is practical to insure stable 
operation. This will provide maximum gain. 
Set the input signal level control fully 
counterclockwise. After this is done, set 
the balance control so that there is no rota- 
tion of the motor. Then adjust the input 
level control for the proper speed range for 
the particular application in which the sys- 
tem is to be used. This must be done in 
conjunction with the external signal speed 
command. See section 5.7.7. for further 
details. 


5.7.6. CUSTOMER CONNECTIONS 


Motor Tachometer Hook-up 


The 6-pin connector located at the rear 
panel of the power supply is used to inter- 
face the motor and tachometer with the 
amplifier. If the amplifier is purchased 
without a power supply the connector 
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will be located on the rear of the amplifier 
chassis. To ensure that the motor is pro- 
perly phased, the following procedure 
should be followed. 


1. Connect a DC voltmeter to the motor 
leads. Set the meter on the 10 V 
range. 

2. As viewed from the motor shaft end, 


rotate the motor shaft clockwise (CW) 
by hand. 


3. Observe the voltmeter deflection and 


determine and mark the positive (+) 
lead of the motor. 


4. Repeat steps 2 and 3 with the volt- 
meter connected to the tachometer 
leads. 

5. Connect the motor and tachometer to 


the amplifier as indicated 
(Figure 5.7.1) 


CW Rotation with Positive Command 
(into summing amplifier) 


Motor positive (+) pin 1 
Motor negative (—) pin 4 
Tach positive (+) pin 6 
Tach negative (—) pin 3 


Counterclockwise (CCW) Rotation with 
Positive Command 


Motor positive (+) pin 4 
Motor negative (—) pin 1 
Tach positive (+) pin 3 
Tach negative (—) pin 6 


If either the motor housing or a tach shield 
must be grounded, this can be done by 


SINGLE AMPLIFIER 


DO 
RO 4 
DO: 


DUAL AMPLIFIER 


Fig. 5.7.1. Motor Connector as viewed from rear panel. 


making the following connections to the 
six pin motor connector: 


pin 5 
pin 2 


Motor Housing Ground 
Tachometer shield 


Control Signal Connections 


The connections necessary to provide for 
signals to control the operation of the 
motor are made through the 36-pin 
connector located on the back panel of the 
power supply or amplifier chassis, if the 
power supply is not used or is used re- 
motely. Some of the inputs are designated 
as auxiliary inputs. These auxiliary inputs 
are connected to one of the optional 
plug-in card connectors on the mother- 
board but they may be used to interface 
with other cards by the use of jumper 
wires on the motherboard. The functions 
of the inputs shown in Fig. 5.7.2 are as 
follows: 


Pin 1: 


Pin 2: 


Pin 3: 


External Command, input to the 
summing amplifier to drive the 
motor. This input is not used with 
the ramp generator. 


External Command Common, the 
common to be used in conjunction 
with the command signal. This 
point is common to the power 
supply and may be used as the com- 
mon for any low level signal. 
Inhibit, A Drive removes drive 
signal from one side of the output 
stage bridge. To use the inhibit, 
connect a normally closed switch 
between pin 3 and pin 5. When the 
switch opens, the motor will stop 
rotating in one direction (the motor 
does not brake to stop). If the 
inhibit is not used, pins 3 and 5 
(A Drive) and pins 4 and 6 (B 
Drive) must be jumpered together. 
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Pin 4: 


Pin 5: 


Pin 6: 
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03302202202! 0!7 01309 08 Ol e 
034030076 E2018 9l4OlO® 02 
0350310270230 ol3ol107 03 
036 932. G28. O24 O29Q 6 Q!4 08 Ot 


SINGLE AMPLIFIER 


DUAL AMPLIFIER 


03392292502101791302 0° o! 
C34Q HO 2EO2Z20O18OM4Q1O® C2 
0359319270239 YOKoOHo’ 03 
0 360329289 240290 1691208 OF 


0339299259219 179 1393 0° o! 
0 340 399 269229 189 HOO O2 
0 389 319279239 QO HO7 O83 
0 369 329 289 24g 209 169 1298 OC! 


Fig. 5.7.2. Control Signal Connector as viewed from rear panel. 


Inhibit, 
signal from the other side of the 
output stage bridge. When pin 4 is 
open, the motor is prevented from 


B Drive removes drive 


turning in one direction. 


Inhibit Common provides the signal 
to be used with the inhibit inputs. 
When the A and B Drive inhibits are 
connected to the inhibit commons, 
the output stage drive signals are 
turned off whenever the regulated 
power supply is below a predeter- 
mined point. This prevents damage 
to the output transistors during 
turn-on and_ turn-off of the 
amplifier. 


Inhibit Common is the same point 
as Pin 5 and provides the signal 
for the B Drive Inhibit. 


Pin 7: 


Pin 8: 


Pin Q: 


Pin 10: 


Pin 11: 


Logic Clamp, A Drive, if a TTL 
logic "I" is applied to this point the 
A Drive is clamped or inhibited. 


Logic Clamp, B Drive, if a TTL 


logic “‘I”’ is applied to this point the 
Drive is clamped or inhibited. 
Reference Voltage, +75 Volts, 
provides a regulated voltage 


through a 1,000 ohm, 1% resistor 
that may be used with a control 
potentiometer for a drive signal. 


Reference Voltage, —15 Volts, pro- 
vides the same feature as Pin 9 but 
with a negative voltage. 


Reference Voltage Common is the 
common point to be used in con- 
juction with the reference voltage 
or any other low level signal. 


Note: The following are used only 
with the Ramp Generator option. 


Pin 12: Ramp Generator External Input, 
allows for control of the motor 
speed through the Ramp Generator 
with an external analog. signal. 


Pin 13: Slope B Select selects the B slope 
by application of a TTL logic ‘‘0”’ 
or a switch closure to ground. 


Pin 14: Slope A Select provides the same 
functions as Pin 13 for the A Slope. 


Pin 15: Ramp Number 2 Initiate selects one 
of two adjustable final motor 
speeds. This is controlled by apply- 
ing a logic ‘O” or a switch closure 
to ground. 


Pin 16: Ramp Number 7 Initiate, performs 
the same function as Pin 15 for 
Ramp Number 1. 


Pins 17-36: are used for the DPS Option 
or any special inputs that may be 
required for specialized applica- 
tions. If these inputs are not re- 
quired they will not be wired into 
the harness. 


NOTE: Pin numbers and pin configura- 
tions may vary depending on the particular 
options used. Verify the above connections 
by consulting the instruction manual. 


9.7.7. SUMMING AMPLIFIER COMPENSATION 


The components on the summing amplifier 
card must be selected for the type of motor 
and load conditions that are expected to be 
used with the amplifier. Assuming that this 
has already been done at the factory, the 
adjustments on the card will allow for 
proper compensation for an efficiently 
Operating servo system. The first step in 
compensating the summing amplifier is to 
adjust the controls to a starting point 
that will ensure a stable, damped response. 
This can be done by adjusting the controls 
according to the following table. Refer 
to Fig. 5.7.3 for control location. 


CONNECTOR 


Fig. 5.7.3. Summing Amplifier Adjustments. 
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Ri Offset Midrange 
R2 Lag-Lead Compensation Fully CCW 
R3 DC Gain Fully CCW 
R4 ~=Input Signal Magnitude Fully CCW 
R5  Lead-Lag Compensation Fully CW 
R6 Tach Feedback Midrange 


Offset Adjustment 


With the amplifier turned on and the motor 
connected, adjust R1 so that the motor 
shaft does not turn. This will adjust for 
any amplifier offset. R4 has previously 
been set to minimum so that external input 
signals will have no effect. 


Test Instrument Connection 


Connect an oscilloscope to the output of 
the tachometer at pin 10 of the summing 
amplifier card. The ground of the scope 
should be connected to the point marked 
“GND” on the lead of the electrolytic 
capacitor C39 near the summing amplifier. 
Connect a DC voltage source of appro- 
priate magnitude at pin 7 of the control 
signal connector. (The ramp generator, if 
One is being used, should not be plugged in 
at this time). The signal common of the 
voltage source should be connected to pin 
8. This voltage source should be a step 
function (square wave generator), capable 
of being switched on and off. 


Servo System Compensation 
The objective of this compensation is to 
get a high DC gain (R6 and R3 CW as far 


as possible) consistent with — stability, 
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and a wide bandwidth (R2 CW as far as 


possible). The waveforms shown in Fig. 


5.7.4 are typical of those obtained during 
the adjustment procedure. 


WAVEFORM 


CORRECTIVE ACTION 


OVERDAMPED 


Turn RG, R3 or R2 
Clockwise 


UNDERDAMPED 


Turn R5 Clockwise 


UNSTABLE 


Turn R6 or R3 
Counterclockwise 


Turn R2 
Counterclockwise 


IDEAL 


(None) 


Fig. 5.7.4. Waveforms and Corresponding Corrective 
Action. 


The “‘ideal’’ waveform should be the end 
result of the servo system compensation. 
This, of course, should be done with the 
proper load conditions that are to be used 
with the motor. The following procedure 
for adjustment is recommended for best 
results. 


1. Turn R4 CW far enough to drive the 
motor and tachometer to achieve 
about a 10 V deflection on the 
oscilloscope (or any level consistent 
with the end application of the 
motor). 


2. Turn R3 CW as far as possible with- 
out causing a sustained oscillation. 


3. Turn R5 CCW until an underdamped 
waveform is obtained. 


4. Correct the overshoot by turning 
R2 CW. 


5. Repeat steps 3 and 4 until a wave- 
form as close to ideal as possible is 
obtained. 


6. Turn R6 CW in about 10° incre- 
ments while adjusting R2 and 
R5 to compensate for any under or 
overshoot until the best response is 
achieved. (Note: As R6 is turned CW 
the motor speed will reduce. This 
may be corrected by turning R4 
CW). 


7. The input command can then be 
scaled for the correct output speed 


per volt by adjusting R4. If the 
potentiometer does not allow 
enough adjustment, a new range can 
be obtained by replacing the resistor 
R21. A larger resistance will require 
a higher input voltage to produce a 
given speed, and conversely a smaller 
resistance will require a lower input 
voltage. 


This procedure should make it possible for 
individuals with little experience to get a 
working system. However, there are diffi- 
culties such as “gear backlash”, or ‘‘dead 
band’’ which may be encountered, for 
which this procedure may not be adequate. 
In these cases it may be necessary to design 
a special compensation scheme to fit the 
application. When using a ramp generator, 
the basic summing amplifier should be 
adjusted for a slight under-damping or 
slight overshoot to assure sharp corners 
on the ramp. If the ramp generator is being 
used it should now be inserted into the cor- 
rect option connector (with power to the 
amplifier off) and the set-up procedure 
for the ramp generator performed. Refer 
to RAMP GENERATOR ADJUSTMENT 
for the correct procedure. 


5.7.8. RAMP GENERATOR ADJUSTMENT 


Before the ramp generator can be adjusted, 
the summing amplifier must be properly 
compensated. The following procedure as- 
sumes that this has already been done. The 
input command signal to the control con- 
nector will have to be moved from the sum- 
ming amplifier input to the proper input 
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of the ramp generator unless the on-board 
ramp amplitude signal is used, in which 
case only a logic input signal is required. 
The ramp generator is designed to provide 
linear ramp inputs to the command input 
of the summing amplifier to provide the 
required servo system velocity profile. 
Both the ramp amplitudes and ramp slopes 
are independently adjustable. Two discrete 
(adjustable) ramp amplitudes plus zero 
(adjustable) are initiated by two TTL in- 
puts to the board. Two other TTL inputs 
select one of two positive slopes or one of 
two negative slopes, each individually ad- 
justable over a decade range. Ranges may 
be changed by changing the integrating 
Capacitor to obtain ramp slopes ranging 
from 10V/ms to 0.667 V/s. 


(Refer to Fig. 5.7.5.) 


1. Ramp Initiate 


One of the two ramp amplitudes (final 
values) can be selected by a TTL low signal 
on either pin 11 or pin 12. The final ramp 
amplitudes are individually adjustable via 
R1 and R2 on the ramp generator board. 
R2 adjusts overall gain. Jumpers on the 
ramp generator board allow the selection of 
either a 0 to +10 V ramp or a0 to —10 V 
ramp on either input. A typical ramp se- 
quence is as follows. A ramp is initiated 
by a TTL low on either pin 11 or pin 12 
(a low on both is an undefined state). 
The output will ramp at the selected slope 
to a final amplitude and polarity deter- 
mined by pots R29 and R32 and their 
appropriate jumpers. A high signal on both 
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CONNECTOR 


Fig. 5.7.5. Ramp Generator Adjustments. 


Inputs will cause the unit to ramp to zero. 


Zero is offsettable + mV by R/. 


2. Slope Select 


A TTL low on pin 10 selects one set of 
ramp slopes, one positive slope adjusted by 
R16 and one negative slope adjusted by 
R20. A TTL low on pin 9 selects a second 
independent set of slopes; the positive 
slope adjusted by R14 and the negative 
By R27. A TTL high on both pin 10 and 
pin 9 is not normally used. It will cause the 
ramp integrator to hold the value it was at 


when both inputs went high until the 
integrator drifts due to input bias currents. 
A TTL low on both inputs is not defined. 


3. Adjustment Procedure 


With a low on pin 10 or pin 9 and both pin 
11 and pin 12 high, adjust R7 for O VDC 
at pin 1 (ramp generator output). Apply a 
low to pin 12 and adjust R29 for the 
correct ramp amplitude. Release the low 
on pin 12 and apply a low to pin 11 and 
adjust R32 for the other ramp amplitude. 
Ramp polarities are selected by jumpers. 
To adjust ramp slopes apply a low to pin 
10, apply a periodic low to pin 11 or pin 
12 (whichever causes a negative ramp) and 
adjust R16 for the correct slope. With a 
periodic low on pin 11 or pin 12 (which- 
ever causes a positive ramp) adjust R20 for 
the correct slope. Release the low on pin 
10, apply a low to pin 9, and repeat the 
above adjusting R14 and R27 for the 
correct slope. Adjust overall gain pot R2 
if necessary. Ranges may be changed by 
changing integrating capacitor(s). If polar- 
ized capacitors are used, they must be 
placed back to back i.e. (+) to (+) or (—) 
to (—). The currents adjusted by R16, 
R14, R20 and R27, vary between 10 and 
100uA. The ramp slope is given by 


av _ 


I 
ere V, s; vA, UF] 


An external voltage command, such as a 
square wave input, may be used with the 
ramp generator by feeding this signal into 


pin 7 of the ramp generator connector. 
This input is normally connected to pin 12 
of the control connector. 


5.7.9.1N CASE OF DIFFICULTY 


The best procedure for troubleshooting is 
to isolate the source of the problem and 
then replace the section that is at fault. 
Try to determine what is the most likely 
thing to cause the difficulty. This trouble- 
shooting guide consists of only the most 
common problems. It may be necessary to 
refer to two or more areas to correct a 
problem in some cases. Time spent ana- 
lyzing a problem is time well spent. As you 
gain experience working with the amplifier 
and power supply, it will become very easy 
to isolate the source of any problem. 


Never overlook the obvious, no matter how 
ridiculous it may seem. The following is a 
list of items that should be considered be- 
fore looking to more difficult possibilities. 


1. Line cord unplugged. 

2. Circuit or connectors loose. 

3. Fuses removed or blown out. 
4. Shorted or open wires. 

5. Defective motor or tachometer. 
6. No power at AC outlet. 


The following ‘Troubleshooting Guide”’ 
should help solve almost any difficulty 
that may arise in the operation of the 
amplifier. 
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5.7.10. TROUBLESHOOTING GUIDE 


PROBLEM | POSSIBLE CAUSE 
Amplifier and fan inoperative, no DC 1. Line cord not plugged in. 
voltage present. 2. No power at AC outlet. 


3. Line fuse at back panel defective. 
NOTE: If the line fuse continues to 
blow out, one of the rectifiers on the 
rectifier bracket may be shorted. 
Disconnect transformer secondary and 
check rectifier for short using an 
ohmmeter. 


Amplifier inoperative, fan works but no 1. Loose connection to transformer or 
DC voltage at output stage or filter cap- rectifier bracket. 
acitor on power supply chassis. 2. Defective rectifier on rectifier bracket. 


Amplifier inoperative, fan works and DC 1. Burned out or defective crowbar fuse. 

voltage is present at the filter capacitor but 

not at the output stage. CAUTION: If the crowbar fuse con- 
tinues to burn out, this may indicate a 
fault in the output stage. It should be 
determined if there is a defective com- 
ponent or shorted output before re- 
applying power to the amplifier. The 
problem may be Isolated by discon- 
necting the power connector to the 
amplifier, replacing the fuse and reap- 
plying power to the power supply. If 
the crowbar does not fire, this indi- 
cates the source of the problem is in 
the amplifier. 


2. Loose or unplugged connector on out- 
put stage circuit board. 


Amplifier inoperative, fan works and DC 1. Speed command signal missing. 
voltage present at both filter capacitor and : 

the stage, motor shaft stiff in both 

directions of rotation. 
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PROBLEM POSSIBLE CAUSE 


2. External command connector loose or 
disconnected. 


3. External command level control po- 
tentiometer located on summing 
amplifier, set at minimum. 


Amplifier inoperative, fan works and DC 1. Clamp circuit activated due to loss of 

voltage present at both the filter capacitor plus or minus 15 V supply voltages. 

and the output stage, motor shaft not stiff 2. Open connection between inhibit out- 

in one or both directions. put and either or both of the inhibit 
Inputs. 


NOTE: At this point it would be 
beneficial to isolate the problem to 
either the output or the mother- 
board. To do this, it is recommended 
that an oscilloscope be used to check 
the test points on the motherboard. 
Start at the drive to the output stage. 
If these signals match those in Table 
5.7.1., the problem is in the output 
stage. Continue comparing signals 
and note all differences. Then consult 
the Electro-Craft service representa- 
tive. When spare parts are available, 
the isolated problem component 
should be replaced. oO 
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5-100 


NB. | = Amplifier Output Current 


Table 5.7.1. Test Point Waveforms 


TEST POINTS 


DESCRIPTION WAVEFORM 
Current Limit Amp Proportional to | 


2 | B Trip Point —0.5V | 


IC Power Supply —15V 
D4 Power Supply Comm. OV 


5 IC Power Supply +15V 
/ 6 Current Diff. Amp Proportional to | 


Peak Current Mono. Hk Hy 30V P-P 


Tri. Gen. Drive 


Tifa 
| 10° A Trip Point +0.5V 


7V PP 
Triangle Generator av ae 
20 kHz 


25V P-P 

Output Drive A | | | 
20 kHz 
25V P-P 

14 | Output Drive B | | | 
20 kHz 


Chapter 6 
Brushless DC Motors 


6.1. INTRODUCTION 


Since the performance of brushless DC 
motors is intimately tied to the commuta- 
tion of current in motor windings, it may 
be appropriate to briefly review the com- 
mutation of conventional DC permanent 
magnet motors. The main reason for 
dividing a conventional DC motor winding 
system into segments is to minimize the 
effect of winding inductance as it relates 
to the turn-on and turn-off behavior of 
current inasegment. A secondary reason for 
the choice of the appropriate number of 
winding segments is to control the torque 
ripple. Thus we find that a fractional horse- 
power DC motor may have anywhere from 
7 to 32 commutator bars per armature, and 
an integral horsepower motor below 5 to 
10 hp may have less than 100 bars, and 
larger versions may have more than 100 
bars per armature. The transient event of a 
coil commutation is generally well hidden 
inside the rotating armature of a conven- 
tional DC motor. The commutation event 
is not usually viewed on an oscilloscope 
screen, except as seen from outside the 
motor brush connections — the reason 
being that it is not easy to reach proper 
internal test points in a rotating structure. 
Much of the design effort in such motors, 
then, has gone into proper brush and com- 
mutator choice, and the results have been 
viewed from the observer's point by 
recording emitted radiation, brush and 
commutator heating, and erosion of com- 


mutation surface or brush surface. A great 
variety of brush compositions have enabled 


designers to cope with the widely varying 
operational and environmental conditions 


that exist in today’s technology. 


As we contemplate the desirability of using 
semiconductor devices for commutation of 
a DC permanent magnet motor we are 
faced with a set of new problems, and a 
simple translation of the brush-type motor 
designed to a brushless type ts not prac- 
tical. For example, if we take a 16 bar, 
two-pole DC motor and were to substitute 
semiconductor devices for the brush and 
commutator assembly to achieve the same 
function, we would end up with 32 power 
transistors, two of which would be con- 
ducting at any one given time. It would 
then result in avery inefficient use of semi- 
conductors — a utilization factor of about 
6%. Obviously the problem has to be solved 
in a new way to achieve cost effective 
performance. | 


Before we discuss brushless motor prin- 
ciples, let us remember the varying design 
constraints which conventional DC motors 
have to face and the varying applications 
which exist today. Examples of the variety 
of performance requirements are: 


® open loop, on-off applications 


® unidirectional speed-control motor 
systems 
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® bidirectional speed-control motor sys- 
tems 

® unidirectional speed-control motor 
systems able to handle over-running 
loads 


® torque motors able to operate at 
stalled conditions | 


@ low inertia servo motors able to 
handle acceleration torque demands 
one order of magnitude larger than 
the continuous torque 


® servo motors with low torque-ripple 
specifications, in either low inertia or 
high inertia versions 


The listing could go further, but these 
examples illustrate the unique design 
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demands which exist for brush type DC 
motors. 


The same conditions hold for brushless 
DC motor systems, and therefore the 
following discussion of brushless DC 
motors will treat some of the more com- 
mon configurations which serve their 
intended purposes in a cost-optimal way. 


Although the following describes brushless 
DC motors controlled by transistor sys- 
tems, the reader should realize that thyris- 
tors (SCR’s) can as well be used for the 
same purpose, although the turn-off 
of the latter may be complicated due to 


the unique characteristics of the thyristor. 
Oo 


6.2. DEFINITION OF A BRUSHLESS DC 
MOTOR SYSTEM 


Since the control circuits for a step motor 
or frequency controlled AC motor at first 
glance may appear to be similar to some 
brushless DC motor controllers, it is 
appropriate at the outset to clarify the 
distinctions between them. If we first 
define what a brushless DC motor system 
characteristic should be, we can _ then 
realize the differences between that type 
of system and the others. 


A brushless DC motor system should 
have the torque-speed characteristics 
of the conventional DC permanent mag- 
net motor. | 


Fig. 6.2.1 illustrates the torque-speed 
characteristics of a conventional DC motor. 
By our definition above, the brushless DC 
motor should have the same basic charac- 
teristics. From these basic relationships 
we can derive mathematical expressions 
which enable us to apply simple mathema- 
tical analysis and achieve solutions to servo 
system problems. These conditions are 
discussed in chapter 2, and apply generally 
to brushless DC motor systems. 


Shaft 
Velocity 


Torque 
Fig. 6.2.1. Typical speed-torque characteristic for 
a conventional permanent magnet DC motor. 
Armature voltage is held constant. 


Step 
Rate 
(Shaft 
Velocity) 


Torque 


Fig. 6.2.2. Typical speed-torque characteristic for 
a step motor system. Excitation voltage is held 
constant, step frequency varied. 


If we examine a step motor system speed- 
torque characteristic (Fig. 6.2.2) we ob- 
serve non-linear relationships between the 
two variables. The discontinuous part of 
the curve is due to a resonant oscillatory 
mode inherent in the motor design. The 
discontinuous nature of the step motor 
low-speed performance limits its usefulness 
in velocity control applications. Thus the 
step motor is a unique device, which differs 
from a brushless DC motor in fundamental 
performance aspects. 


The AC motor characteristic in Fig. 6.2.3 
shows an entirely different relationship 


between speed and torque. The useable 
100 


90 
80 
70 
60 
50 


40 


Percent of synchronous speed 


Torque 


Fig. 6.2.3. Typical speed-torque curves of a frac- 
tional-horsepower polyphase induction motor. 
Excitation voltage and frequency is held constant. 
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part of the curve lies in the region between 
90 and 100% of synchronous speed — and 
the synchronous speed depends on the 
excitation frequency. The controllable AC 
motor system depends on a variable fre- 
quency, variable AC voltage, which has to 
be coordinated with the shaft velocity to 
produce a controlled “‘slip frequency’”’ 
“current in the rotor windings. Because the 
rotor-stator structure can be considered 
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a transformer, it does not work well at 
low frequencies (which corresponds to low 


shaft speeds). This is a fundamental differ- 


ence between the AC motor and the brush- 
less DC motor, since in the latter torque Is 
produced by the interaction of a magnetic 
field produced by a permanent magnet 
rotor, and magnetic field due to a DC 
current in a stator structure. 0 


6.3 PRACTICAL SOLUTIONS 
TO BRUSHLESS COMMUTATION 


The first general comment about brushless 
motors and controllers is that the design 
philosophy should point to a motor design 
which would require the least number of 
power semiconductor switches to ade- 
quately meet the performance require- 
ments. The second assumption is that 
wherever possible one should use _ per- 
manent magnet materials in order to 
eliminate the need for slip rings in the rotor 
assembly. In a brushless DC motor it is 
usually most practical to provide a stator 
structure as shown in Fig. 6.3.1 where the 
windings are placed in an external, slotted 
stator. The rotor consists of the shaft and 
a hub assembly with a magnet structure. 
The picture shows a two-pole magnet. For 
contrast Fig. 6.3.2 shows the equivalent 
cross-sectional view of a conventional DC 
motor where the permanent magnets are 
situated in the stator structure and the 


Stator 


Rotor 


Permanent Magnet 


Fig. 6.3.1. Cut-away view of brushless DC motor 
assembly. 


Stator 


Permanent Magnet 


Fig. 6.3.2. Cut-away view of a conventional 
permanent-magnet DC motor assembly. 


rotor carries the various winding coils. 
We can see that there are significant differ- 
ences in winding and magnet locations. 
The conventional DC motor has the active 
conductors in the slots of the rotor struc- 
ture, and in contrast, the brushless DC 
motor has the active conductors in slots 
in the outside stator. The removal of heat 
produced in the active windings is easier 
in the brushless DC motor, since the 
thermal path to the environment is shorter. 
Since the permanent magnet rotor does 
not contribute any heating, the result is 
that the brushless DC motor is a more 
stable mechanical device from a thermal 
point of view. 


In spite of the advantages discussed above, 
there are cases where a brushless DC motor 
uses the configuration shown in Fig. 6.3.1, 
but then the roles of the two parts are 
reversed so that the permanent magnet out- 
side structure rotates and the wound lami- 
nation part is the stator. The result of such 
a design is a high rotor moment of inertia, 
which sometimes is of interest to the user 
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who needs a high mechanical time constant 
in order to filter any existing torque 
ripple. In such cases the thermal advantage 
of the design in Fig. 6.3.2 is not utilized. 


In order to illustrate the similarities and 
differences between the conventional and 
brushless DC motor systems, we can see 
sketches of the two in Fig. 6.3.3 and 6.3.4. 
In Fig. 6.3.3 we have the system elements 
of a conventional DC motor and control. 
The connections between the rotor wind- 
ings and the commutator are shown in an 
oblique sketch for the sake of clarity. A 
bidirectional controller and driver stage 
is shown together with a power supply and 
servo compensation and interlock logic. 


Q1 


Q2 


Driver 
Circuit 


Logic 
Circuit 
and 
Servo 
Compensation 


Command Signal 


Input 
Power 


AC or DC 


The equivalent brushless DC motor system 
is shown in Fig. 6.3.4, where the main 
differences are seen to be static windings, 
permanent magnet rotor, four transistors 
instead of the two found in the conven- 
tional motor, and a shaft position encoder. 
The latter generates logic signals which 
control the commutation of the windings. 
As we shall see, many different commuta- 
tion configurations exist, and next we will 
examine the most commonly encountered 
models. 


One of the simplest practical brushless 
DC motor circuits is shown in Fig. 6.3.5 
(SEE NOTE IN FIGURE) This is a “‘half-wave’’ 
control circuit with a conduction angle of 


+V 
s 
Control 


stage 
Stator 


ae magnets 


Rotor winding 


Brushes 


Commutator 


Fig. 6.3.3. Essential parts of a conventional DC motor servo control. 
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Driver 
Circuit 3 


Logic 
Circuit 
and 
Servo 
Compensation 


+V 


Commutation 
Controller 
Stage 


Permanent 
Magnet 
Rotor 


Shaft 
Position 
Sensors 


Logic Power 


Command Signal 
Input 


Power 
AC or DC 


+V 
s 


Ss 


Fig. 6.3.4. The essential parts of a brushless DC motor control. 


120° el. As we see in the accompanying 
diagram each winding is used one third 
of the time and the logic control of the 
system is rather simple. The speed and 
torque output of the motor can be con- 
trolled by varying the power supply voltage 
V.: In the lower part of the diagram 
we see the same system with a reversed 
torque. The torque reversal is achieved not 
by reversing the power supply voltage as 
in a conventional DC motor, but instead by 
shifting all logic functions 180° el. This 
example illustrates one of the basic differ- 
ences between brush type and brushless 
type DC motors. 


The example just given ignores one very 
important point in brushless motor com- 


mutation performance, namely the hand- 
ling of the inductive transient current in 
each winding as it is commutated. The 
circuit shown in Fig. 6.3.5 would experi- 
ence a forward voltage breakdown of each 
transistor as its conduction would be dis- 
continued. This is due to the voltage pro- 
duced by the stored energy in each wind- 
ing. Such breakdown conditions can be 
tolerated in low-power systems, where the 
stored energy is low. However, if any 
significant amounts of current and voltage 
are handled in such a system, a point is 
reached where’ breakdown conditions 
would cause damage to the semiconductor 
junctions. Therefore other methods are 
employed to assure proper commutation 
of the inductive energy in each winding. 
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NOTE: The diagram of Fig. 6.3.5 shows the ‘‘torque func- 
tion” [T(I)] of each winding. This function shows that 
winding’s contribution of torque at various shaft angles 
when a constant current I is flowing in the winding. The 
unit value of torque over the conduction angle then 
becomes the torque constant Kr of the winding. 


0 
T(I,) 


Tilo) 


T(t.) 


Q1 0 
1 
Q2 0 
1 
Q3 ) 


T(t4) 0 
T(ty) 0 


+ 
T(t) 0 


1 
Q1 0 
1 
Q2 0 
1 
Q3 0 


a Shaft angle 
360 60 120 Electrical Degrees 


Positive Torque 


1 = Transistor ON 
0 = Transistor OFF 


(Shaded areas 
indicate torque 
delivery) 


Negative Torque 


Fig. 6.3.5. .A three-phase, half-wave brushless motor controller. 
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Shaft angle 
electrical degrees 


1 = Transistor ON 
2 = Transistor OFF 


Fig. 6.3.6. Controller configuration, current wave-form and logic sequence for a two-phase 4-pole brushless DC motor. 
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Instead of applying the remedy for the 


inductive energy problem to the circuit — 


we have just reviewed, let us instead for the 
moment look at another type of circuit 
where the commutation transient concept 
can be easily visualized without having 
to worry about other problems which 
exist in the circuit of Fig. 6.3.5 (which we 
will discuss later). 


(See Fig. 6.3.6 on preceding page 6-9) 


lf we turn to Fig. 6.3.6, which shows a 
two-phase brushless motor using two power 
supplies, +V, and —V,, we note that we 
now have four power transistors and four 
diodes. Each half of the circuit controls 
its own winding, and the two are essentially 
independent from each other. The accom- 
panying diagram shows phase currents and 
logic signals for one direction of operation. 
The current waveforms tn the diagram are 
intended to by typical of real-time response 
of current at a given shaft velocity. The 
diagram, therefore, shows not only current 
response with respect to rotor position, but 
also current versus time at a given shaft 
velocity. If we, for instance, look at current 
loz we see that it has an exponential 
initial increase to a steady state value 
which is maintained until the 90° position 
has been reached. Then Q1 is switch to the 
OFF condition. The stored energy is now 
dissipated through the power supply and 
returned through diode D2, and the expo- 
nential decline is shown in Ip)»5, while the 
current rise now is progressing in Q3. Thus 
there is a continuous torque production 
maintained in the motor as one stage is 
turned off and the next is turned on. 
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The diodes provide an ideal transient path 
for the stored conducted energy. The 
energy is either stored in one of the filter 
capacitors or transferred to the other 
winding, depending on the logic sequence. 
lf fast recovery diodes are used, the com- 
mutation event is carried out without any 
significant RFI emission. An oscilloscope 
picture of the current waveforms in a two- 
pole full-wave brushless motor is shown in 
Fig. 6.3.7. The pictures were taken during 
continuous motor Operation at a torque 
level of 80 0z-in and 3600 rpm. 
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Fig. 6.3.7. Current waveforms in the phase wind- 
ings of a four-pole, two-phase, full-wave brushless 
motor. Motor running at 3600 rpm, delivering 
80 oz-in. Power supply voltage + 30V. 


Fig 6.3.8 shows an extended version of the 
two-phase full-wave brushless motor sys- 
tem. The winding configuration is based 
on a “‘star’’ connection stator arrangement 
where each winding is oriented 120° from 
the other. The six transistors are connected 
to the end points of each stator leg, and 
thus form a three-phase full-wave motor 
control. This system differs from the 
previous one in that conduction is always 
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Fig. 6.3.8. Controller configuration, torque function, and logic sequence for a three-phase, full-wave brushless DC 
motor. 
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continuous in one leg when the other is 
being commutated. We can see that when 
Q1 is energized between O and 60°, O5 is 
also conducting, and current is thus flowing 
from point A to point B. In the next se- 
quence (60-1209) Q6 is energized and the 
current will then flow from point A to 


point C. In the meantime the current. 


through leg B declines to zero by conduc- 
tion through D2. The conduction angle per 
phase is 120°, as compared to 90° in the 
two-phase circuit. Since this circuit requires 
only a single power supply it tends to be 
more compact than the two-phase circuit; 
and further, since 67% of the available 
windings are used at any one time com- 
pared to 50% in the former circuit, the 
three-phase circuit is more efficient than 
the two-phase circuit of Fig. 6.3.6. 


We can now return to the half-wave three- 
phase circuit in Fig. 6.3.5, which was 
shown without any means for handling 
the stored inductive energy. If we were 
simply to provide a diode path for each 
winding, such as shown in Fig. 6.3.9a — 
typical of relay coil circuits — we would 


Vt 


Fig. 6.3.9a. A conventional “fly-back” diode 
arrangement. 
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find that the inductive energy is well 
handled by the diode arrangement. But 
because the diode is located across the coil 
and not across the transistors as_ in 
Figures 6.3.6 and 6.3.8, we find that the 
back EMF will also flow in the diode cir- 
cuit when the polarity of the back EMF 
is reversed (180-360° in coil 1). In order 
to prevent current flow due to the back 
EMF during this ‘‘off’’ period of each 
cycle, one has to let diode conduction 
occur to a voltage source which has a volt- 
age at least two times the power supply 
voltage. One arrangement accomplishing 
this is shown in Fig. 6.3.9b. As the conduc- 
2V+ 


Fig. 6.3.96. A biased ‘‘fly-back” diode arrage- 
ment. 


tion of Q1 ceases, the winding inductance 
will generate a voltage equal to 2V,, which 
will allow the inductive transient to be 
dissipated in the power supply circuit. 
But because the diode is biased, when the 
back EMF is reversed and could normally 
cause current flow, it cannot overcome the 
bias, and therefore no current flows. This 
type of circuit will thus allow for proper 
handling of the stored inductive energy, 
but at the expense of extra components 
and power dissipation in the bias supply. 


The controller circuits we have seen so far 
represent the basic forms which may be 
encountered. Often due to special require- 
ments, other variants of these circuits will 
be used. For instance in Fig. 6.3.10 we 
have a four-phase, half-wave controller. 
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This circuit features a 90° conduction 
angle and is at times used where low torque 
ripple is important. While it would seem 
that the two-phase full-wave circuit in 
Fig. 6.3.6 basically fulfills the same pur- 
pose, the reason for using this circuit may 


Shaft angle 
Electrical Degrees 


Fig. 6.3.10. Four-phase, half-wave circuit. 
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be that it gives similar performance with a 
single power supply and does not need 
cross-fire prevention interlocks. It can 
therefore be used in relatively low power 
- circuits where cost is important and where 


_ the fly-back current Brom emne can be hand- 
led in a simple way. 


Fig. 6.3.11 shows a three-phase full-wave 
circuit with a grounded neutral. This circuit 
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Fig. 6.3.11. Three-phase, full-wave circuit with grounded neutral. 


offers some advantages when a constant 
current drive method is necessary. The 
symmetrical location of transistors with 
respect to ground offers advantages in the 
linear amplifier driving each transistor pair. 
We notice that at any given time two 
stages are conducting simultaneously 
although commutation occurs at alternate 
angular intervals. The significance of this 
is that the load current is shared between 
two transistors, which may affect the 
choice of their characteristics. On the other 
hand, due to the dual power supply, each 
transistor has to withstand the sum of the 
two supply voltages. This is in contrast 
with the three-phase circuit shown in 
Fig. 6.3.8, where two transistors conduct 
at any given time, but they are always in 
series. Therefore no load sharing occurs — 
but the transistors see only one supply 
voltage instead. Returning to Fig. 6.3.11, 
we should be aware of another potential 
problem, namely that the dual supply type 
circuits (this includes the circuit in 
Fig. 6.3.6) are susceptible to power supply 
“‘oump-up” during certain operational con- 
ditions such as start and stop conditions 
driving high inertial loads, especially if 
pulse-width or pulse-frequency modulation 


is utilized. It is also true that such pump-up 
situations may occur in the single supply 
type circuits, but they are somewhat easier 
to control in this respect. 


If we now turn our attention to the output 
stage in Fig. 6.3.12, we see a six-phase full- 
wave circuit with grounded neutral. The 
timing diagram for this circuit is shown in 
Fig. 6.3.13, and we notice a 1209 conduc- 
tion angle and that four transistors are con- 
ducting at any one time. We thus have ex- 
cellent load sharing, and since commuta- 
tion occurs every 30°, we have very low 
torque ripple conditions. 


In addition, since the windings are divided 
Into six independent coils, the electrical 
time constant is lower than in the equiva- 
lent three-phase circuit. Therefore, this 
type of motor performs excellently in ultra 
high performance requirements, rivaling 
that of low inertia moving coil motors. The 
price for this, of course, is that 12 power 
transistors are used in the output stage 
circuit. On the other hand, since there is 
load sharing between four transistors at any 
one time, the ratings for each transistor can 


Fig. 6.3.12. Six-phase, full-wave commutation circuit with grounded neutral, and two power supplies. 
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Fig. 6.3.13. Torque function and logic sequence for unidirectional operation of six-phase, full-wave circuit of Fig. 6.3.12. 
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be held at a lower level than for the equiva- 
lent three-phase circuit. 


Other variants of these circuits can be used, 
such as a pair of three-phase full-wave star 
or delta connected three-phase bridges, 
each displaced 30° el from the other. The 
resultant system would then use a single 
power supply, but two independent com- 
mutation circuits. 


The foregoing examples illustrate the large 
variety of circuit possibilities for commuta- 


tion control of brushless DC motors. If we 
recall the statements at the beginning of 
this discussion citing the various applica- 
tion requirement which DC motors — and 
therefore brushless DC motors — encoun- 
ter, we can realize that there is no single 
‘“‘good’’ circuit which can economically 
serve all purposes. Since the functional 
aspects of a brushless DC motor system are 
also intimately tied into the system cost, 
we have to keep in mind that an indepen- 
dent choice of the best motor and control 


has to take many factors into account. 
O 
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6.4. TORQUE GENERATION BY 
VARIOUS CONTROLLER 
CONFIGURATIONS 


We have now discussed some general con- 
cepts in the area of brushless motor com- 
mutation without specific regard for the 
control of torque and proper utilization of 
available options in the magnetic circuit. 
We can distinguish two principal control 
configurations which are used in today’s 
brushless motors. The first method is based 
on the use of a sinuso/da/ torque generation 
scheme, and the second utilizes a trape- 
zoldal torque generation principle. 


6.4.1.THE SINUSOIDAL CONTROL SCHEME 


This system uses a magnet and field coil 
arrangement which produces a torque func- 
tion due to current in each of two coils 
which has a sine-cosine relationship as 
shown in Fig. 6.4.1. The torque contribu- 
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Fig. 6.4.1. Torque function of a sinusoidal type 
two-phase brushless DC motor. 
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tion by each coil is: 
Coil 1 Ty, = 1,7 Kysin @ (6.4.1) 
Coil 2 To =!,,2Kycos 0 (6.4.2) 


where 
qT, and T> are instanta- 


neous torque values 


K+ is the torque constant 
of each winding 


The current in each coil is controlled as a 


- function of shaft angle as follows: 


|, =I sind (6.4.3) 
L271 cosé (6.4.4) 


with | being the amplitude of desired 
motor current. The total output torque is 


ee aa To (6.4.5) 
and combining (6.4.1) thru (6.4.4) we get 


T, = Kyl (sin? 6+ cos? 6) 


(6.4.6) 
and since 
sin? 6 + cos? 6 = 1 
we finally arrive at 
1 K+I (6.4.7) 


and we have a motor which has essentially 
no torque ripple and has linear characteris- 
tics similar to a conventional DC motor. 
However, the generation of sinusoidal, 
amplitude controlled currents requires a 
complex sine-cosine generator (resolver) 


either by analog or digital design, and a 
linear amplifier. In addition, certain com- 
promises must be made in the motor 
design to achieve the sinusoidal torque 
relationship, which does not give optimum 
motor efficiency. Thus this method has 
limited use because of technical and eco- 
nomic reasons. 


6.4.2. TRAPEZOIDAL TORQUE FUNCTION 


The other control method is based on a 
trapezoidal torque function such as shown 
in Fig. 6.3.8 (see this illustration in the 
previous discussion). The principle in this 
case is to design the motor to provide a 
trapezoidal torque function and to utilize 
the unvarying portion of the torque func- 
tion to produce useful torque. One has to 
choose a conduction angle and a number of 
coils such that the resultant torque is inde- 
pendent of shaft position and the motor 
output torque is then directly proportional 
to the input current. The torque function 
in Fig. 6.3.8 has a trapezoidal shape. Proper 
use of modern high coercive force magnets 
-makes such torque functions possible. 
While the torque in some motors does not 
quite conform to this simple form, the rela- 
tionship is sufficiently close to be useful 
for purposes of analysis. Thus, for example, 
if a controlled current I is allowed to flow 
from A to B for O - 60° and from B to A 
for 180-2409, and if other coils will simi- 
larly contribute torque at the intermediate 
angular intervals, we then conclude that the 
resultant torque is 


where K-+ is the value of torque per unit 
current at the flat portion of the trape- 
zoid. Consideration has to be given to the 
rise and fall times of the current in the 
various coils, so that T, Is essentially con- 
stant. 


The two basic control principles discussed 
above are most commonly used in brush- 
less motor systems today. The sinusoidal 
control scheme requires that both the 
magnetic circuit design and the control 
current will have sinusoidal shapes to fulfill 
the motor function. On the other hand, the 
trapezoidal torque function scheme re- 
quires that the magnetic flux is distributed 
such that the torque function is near 
constant over the desired conduction 
angle. Since the controller can commutate 
the motor windings with square wave con- 
trol inputs, the control circuit can be of 
digital nature. This fact makes the control 
logic for the trapezoidal system rather 
simple. In addition, this type of circuit 
utilizes current on/y when it can be opti- 
mally effective. Therefore the trapezoidal 
control scheme tends to yield lower motor 
losses than the sinusoidal scheme. Hence, 
the trapezoidal commutation system is 
generally preferred for high performance, 
high power control systems. C 
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6.5. COMMUTATION SENSOR SYSTEMS 


Several methods are available today for 


the angular position sensing system. The — 


most commonly used methods are Ha// 
effect sensors, electro-optical sensors, and 
radio frequency (RF) sensors. 


The Hall effect sensing system utilizes a 
sensor which detects the magnitude and 
polarity of a magnetic field. The signals 
are amplified and processed to form logic 
compatible signal levels. The sensors are 
usually mounted in the stator structure, 
where they sense the polarity and magni- 
tude of the permanent magnet field in the 
air gap. The outputs of these sensors con- 
trol the logic functions of the controller 
configuration to provide current to the prop- 
er coil in the stator, and the system can 
provide some compensation for armature 
reaction effects which are prominent in 
some motor designs. One drawback with 
such a location of the angular position 
sensor is that it is subject to stator tempera- 
ture conditions, which may at times be 
rather severe in high performance applica- 
tions. It is not unusual, for instance, to 
allow a winding temperature to reach 
160-180 °C for peak load conditions. 
Such a temperature may affect the Hall 
effect switching performance, and can 
therefore be a system performance limita- 
tion. 


The Hall effect device can, of course, be 
located away from the immediate stator 
structure and may use a separate magnet 
for angular sensing. In such a case the sen- 
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sor is not necessarily subject to the severe 
Operating conditions mentioned above; but 
on the other hand, neither does it compen- 
sate for armature reaction problems. 


The second alternative for angular sensing 
is the electro-optical switch, most com- 
monly a combination of a light emitting 
diode (LED) and a phototransistor. A shut- 
ter mechanism controls light transmission 
between the transmitter and the sensor. 
The sensor voltages can be processed to 
supply logic signals to the controller. The 
electro-optical system lends itself well 
to generation of precise angular encoding 
signals. 


The third angle sensing method (radio 
frequency sensing) is based on inductive 
coupling between RF coils. Several varieties 
of such devices have been used with varying 
degrees of circuit complexity. The angular 
sensing accuracy of such devices depends 
on several design factors, which may limit 
their use in high performance systems. In 
addition, their switching time (which de- 
pends on oscillator frequency and sensor 
circuit damping) may cause switching time 
delays which can be undesirable at higher 
shaft speeds. 


The three systems discussed have their 
own advantages and drawbacks, and the 
requirements of each application usually 
dictate which is best suited. oO 


6.6. POWER CONTROL METHODS 


So far we have discussed commutation con- 
trol without reference to power contro! of 
the brushless DC motor. One method of 
power control is to vary the supply voltage 
to the commutation system. An example 
of this method is shown in Fig. 6.6.1. The 
six switching transistors will control com- 
mutation at the proper angular intervals, 
and the series-connected power transistor 
will handle velocity and current control 
of the brushless motor. This can be accom- 
plished either by linear (Class A) control 
or by pulse-width or  pulse-frequency 
modulation. If directional control is 
needed, the commutation sequence must 
be adjustable 0 or 180° el. In effect, then, 
we have a series regulator controlling the 
power supply voltage for a switching stage 
commutation controller. 


Another way of controlling voltage and 
current in the brushless motor is to let the 
commutation transistors control the motor 
current by either linear control means 
or by pulse-width or pulse-frequency 
modulation. Such a control method results 
in better utilization of available semicon- 
ductor devices, but proper attention must 
be paid to power dissipation in the con- 
troller stage. In the case of /inear transistor 
contro/ the control stage must be operated 
in a constant current mode rather than 
constant voltage mode, since otherwise 
the transistor stage held at a zero output 
voltage would tend to conduct back EMF 
induced currents during the inactive part 
of the cycle, causing a viscous damping 


effect which is detrimental to motor 
operation. V+ 


: Stator 


Commutation 
= Control stage 


Fig. 6.6.1. Series regulator control of power for 
three-phase brushless DC motor. 


The pulse-width or pulse-frequency control 
scheme is well suited for control of voltage 
and current to a brushless motor. Since 
logic circuitry is already in place capaole of 
switching the appropriate transistors on 
and off, the implementation of such con- 
trol is possible. The switching rate has, of 
course, to be compatible with a proper 
current form factor (see the discussion of 
pulse-width modulations and form factor in 
section 3.3), and also has to be within the 
switching capability of the power transis- 
tors so as not to cause undue dissipation 
losses during the transistor turn-off and 
turn-on times. An example of the variation 
in current form factor at two different 
pulse-width frequencies is shown in Fig. 
6.6.2. Although the two oscilloscope pic- 
tures are taken at two different motor 
speeds, the improvement in current form 
factor is readily apparent. In addition, pro- 
per attention has to be focused on safety 
interlocks to prevent “‘cross-firing’”’ 
between adjacent transistor stages. Such 
switching schemes are based on the prin- 
ciples discussed in Chapter 4, and many of 
the advantages (and problems) discussed 


6-21 


in this chapter apply equally well to the 
switching type commutation controller 
for brushless DC motors. 
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Fig. 6.6.2. Examples of poor current form factor 
(upper) and improved current form factor (lower) 
in a three-phase, full-wave brushless DC motor 
winding. Output torque = 225 oz-in. 


Any high performance brushless DC motor 
will require some form of current limit 
control, either to protect the controller 
stage or to protect the magnetic circuit. 
With either of the controller schemes 
discussed above it is easy to apply such 
current limit control. However, the 
switching type controller can sustain cur- 
rent limit conditions without significant 
circuit power dissipation — as compared to 
a linear type of control system, where 
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the excess power is dissipated in the power | 
transistors. The reasons given above point 
clearly toward pulse-width or pulse-fre- 
quency modulation as a superior control 
scheme for brushless DC motors where any 
significant amount of DC power is being 
controlled. Since the intention of this 
chapter on brushless motors is to famil- 
larize the reader with the various parts of 
the brushless motor system, and not to be 
a design manual for brushless motors and 
controls, it would be beyond the scope of 
this chapter to go into detail of the variety 
of logic schemes, power control circuits, 
and current limit options which are avail- 
able today. 


Power control systems used in Electro- 
Craft brushless DC motors utilize pulse- 
width modulation controls for all size 
motors except ultra-high performance, low 
inertia motors for incremental motion, 
where constant-current techniques are 
used. All systems are provided with current 
limit circuits, some of which work on a 
multi-level, time based current-limit prin- 
ciple. Thus the motor control systems can 
provide extremely high acceleration rates 
and yet have adequate safety provisions 
for moderate or long term overload. 

O 


6.7. MOTOR CONSTANTS 


Since the same basic principles are used 
in both the conventional permanent mag- 
net DC motor and the brushless DC motor, 
it would seem that the basic motor con- 
stants also would be the same. This is 
true if we use some caution in applying 
the constants. 


A simplified electrical equation of a brush- 
less DC motor ts: 


dl 
V=IR+L— + Kew (6.7.1) 


where 


| is the sum of the phase currents. 


Ris the resistance of a phase wind- 
ing 


L is the inductance of a phase 
winding 


Ke is the voltage constant of a phase 
winding over the conduction 
angle 


@ is the angular velocity of the 
motor shaft 


These relationships hold well for the com- 
mon brushless motor structures, although 
there are lower order effects due to mutual 


inductance between windings, overlapping 
conduction angles and unequal rise and fall 
times of current (due to differing charge 
and discharge paths). For practical applica- 
tions eq. (6.7.1) is adequate, however. 


The dynamic equation for a motor coupled 
to a load is: 


Kp! = Wy + dL) S24+D + Ty + Ty 


(6.7.2) 
where 


Ky = torque constant of motor 


winding 
Jn = motor moment of _ inertia 
Ji. = load moment of inertia 
D = viscous damping coefficient 
T, = motor friction torque 
T, = load friction torque 


In a brushless DC motor T-¢ is small, usually 
only due to bearing drag, the viscous 
damping coefficient is also very small, 
and both items can usually be ignored in 
dynamic performance calculations. (For — 
derivation of the motor transfer function 
see section 2.3.3.) a 
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6.8. BRUSHLESS DC TACHOMETERS 


DC analog output tachometers are often 
necessary in high performance servo 
applications, where they provide velocity 
feedback for speed control purposes or 
servo system stability. The requirements 
of a brushless DC tachometer are the same 
as for a brush-type DC tachometer: an 
Output voltage proportional to. shaft 
velocity and the polarity corresponding 
to the direction of the shaft rotation. 
The quality of the tachometer depends on 
the stability of the voltage constant and 
the magnitude and frequency of voltage 


ripple. 


Digital-type tachometers can be used suc- 
cessfully where the controlled motor speed 
range is in a region where the pulse rate is 
high enough to provide a sufficient servo 
bandwidth after the required filtering fol- 
lowing D/A conversion. However, when 
servo control is required over a wide range 
of speeds, down to a stop position, then 
rate information is required over the entire 
range; therefore the digital tachometer is 
often not sufficient for servo system opera- 
tion. 


The Electro-Craft brushless DC tachometer 
is based on a permanent magnet rotor and 
a multi-coil stator structure, which is com- 
mutated by a MSI (medium scale integra- 
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tion) circuit. The output voltage of the sys- 
tem behaves exactly as the brush-type 


DC tachometer. The ripple voltage depends 


on tachometer design, but can be con- 
trolled to a level better than 1%. Depending 
on the rotor moment of inertia and the 
temperature stability required, ceramic, 
alnico or rare-earth materials are used to 
provide the flux for the tachometer. The 
block diagram of the system is shown in 
Fig. 6.8.1. When the brushless DC ta- 
chometer is mounted directly on the motor 
shaft, the motor shaft encoder output 
can also be used for tachometer commuta- 
tion. Since the motor and tachometer 
rotors are both located on the same shaft, 
a very stiff mechanical structure is realized. 
Thus the unavoidable torsional resonances 
can be kept at very high frequency levels, 
where they do not influence servo system 
behavior. | gO 


Logic 
Power 
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Fig. 6.8.1. Brushless DC tachometer system. 


6.9. EXAMPLES OF BRUSHLESS 
MOTORS 


In Fig. 6.9.1 we see a picture of a high per- 
formance incremental motion brushless 
DC motor, Electro-Craft Corporation 
Model 17. This motor was designed to be 
light in weight in addition to having low 
armature moment of inertia. The rotor 
configuration includes a four-pole magnet 
structure using rare-earth magnet materials. 
The performance parameters are shown in 
Table 6.9.1. Shown are two alternative 
connections, 3-phase and 6-phase full-wave 
systems. Slightly better characteristics are 
achieved by the 6-phase connection, be- 
cause of better winding utilization. 


The system performance is shown in 
Fig. 6.9.2, where we see an example of the 
output current of one “constant current” 
stage during operation in a velocity mode 
with 75 oz-in torque at 500 rpm. 


We see one complete commutation cycle of 
one of the six stages. The current is kept 
constant during the positive and negative 
commutation cycles, each 1209. In this 
system four phases are always conducting. 
Since each phase contributes one-fourth 
of the torque, and the current per phase is 
3.6 A, we can calculate the torque con- 
stant: 


75 


Ky = 4x3.6 = 5.2 oz-in/A 


In order to demonstrate incremental mo- 
tion performance, the servo motor was 
connected to a load with Je = 0.5x10~3 


Fig. 6.9.1. Electro-Craft Corporation Brushless 
DC Motor Model 17. 


oz-in-s2, and the system was compensated 


for the added inertia. The amplifier was 
adjusted for a peak current limit of 3.8 A 
per phase (this is the continuous current 
rating of the motor, with 5 cfm of air 
cooling). The measured system servo band- 
width with the load was 270 Hz. 


Fig. 6.9.3 shows a torque-speed character- 
istic of the motor-tachometer in a closed- 
loop velocity mode. The current limit 
causes the fall-off of speed as the torque 
requirements exceed 70 oz-in, and at 


eo ee oe 
a 
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Fig. 6.9.2. Current in one phase of six-phase 
low inertia servo motor in a “constant current” 
drive mode. Constant velocity of 500 rpm at 
T = 75 oz-in. 
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TABLE 6.9.1. Preliminary Motor Characteristics of Model 17 Brushless 


DC Motor 


rr Connection 


or LU te Pe 


K (per phase) 


K_ (per phase) 


R (per phase) 
T. (per phase) 
Ja 
T cont (free air) 
T cont (12’ x 12” heat sink) 
T cont (5 cfm @ 0.2 in H50) 
T max 
T max/J, 
Max. winding temp. = 160°C 
Motor dimensions: 
Diameter 2.75 in 


Length 3.0 in 
Weight 16 oz 


speeds above 3000 rpm the effects of 
power supply voltage limits are evident. 


In order to assess the worst-case output 
torque ripple characteristics, a measure- 
ment of torque output of a stall motor 
was made under various constant current 
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5.3 10.6 
4.1 8.2 
2.7 10.8 
350 350 
.65x10-3 65x1073 
30 30 35 
45 45 50 
60 60 70 
120 120 140 
185,000 210,000 210,000 


conditions. The torque was measured by 
a strain gage torque arm, as the motor 
housing was slowly rotated in a mechanical 
“dividing head’. An X-Y recorder plotted 
the varying torque as one complete elec- 
trical revolution was made (Fig. 6.9.4). The 
torque ripple under these conditions was 
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Fig. 6.9.3. Torque-speed characteristics of a brushless motor-tachometer in a closed-loop velocity mode. 


measured to be less than +5% of average 
Output torque. Since this motor was de- 
signed as a low inertia motor, it does not 
necessarily represent the best attainable 
torque ripple performance in brushless DC 
motors. It may reflect the trade-off be- 
tween low rotor moment of inertia and 
torque ripple. 


A demonstration of incremental motion 
performance characteristics of Model 17 is 
displayed in Fig. 6.9.5, where the system is 
excited with a larger command signal. Thus 


we see the motor velocity switched from 
+5850 rom to —5850 rpm. The linear por- 
tion of the velocity trace shows the accele- 
ration, in this case limited by the current 
limit of 3.8 A per phase. If we measure 
the slope, we obtain 

dw » 1220 rad/s — 64 krad/s2 

dt 19x10—3s 
which is the acceleration rate at the set 
current limit of 3.8 A and a load moment 
of inertia of 

Jp = 0.5 x 10-3 oz-in-s? 
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Fig. 6.9.4. Static torque ripple test of Mod. 17, six-phase brushless DC motor and constant-current type controller. 
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Fig. 6.9.5. Constant acceleration at a current 
of 3.8A, and a load moment of inertia of 


Jy = 5x 1079 02-in-s2. 


A cross-sectional view of a brushless DC 
motor-tachometer is shown in Fig. 6.9.6. 
The motor rotor, tachometer rotor and the 
shaft encoder shutter are all mounted on 
the same shaft, which contributes to a high 
torsional stiffness between all elements. A 
special brushless DC motor designed for 
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constant speed applications is shown in 
Fig. 6.9.7. The motor is intended for use 
in disc memory systems, where it drives the 
discs at a constant speed of 3600 rpm and a 
torque of 50 oz-in. The run-out of the shaft 
end is held to a tolerance of less than 50 
millionths of an inch. 


An example of a two-phase, full-wave con- 
troller for a 0.25 hp brushless DC motor 
is shown in Fig. 6.9.8. The circuit board 
contains analog velocity loop summing 
amplifier, pulse-width modulation circuit, 
commutation logic, driver circuits and 
power output stage. DC power supply is 
not included. 


Fig.6.9.9 shows an example of a brushless 
DC motor, displayed with two optional 
stator assemblies of different stack lengths 


and a typical ceramic magnet rotor assem- 
bly. The commutation encoder is located in 
the rear portion of the housing assembly. 
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Fig. 6.9.6. Brushless DC motor-tachometer. 
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Fig. 6.9.7. Brushless DC motor disc memory 
spindle drive package. 


Fig. 6.9.8. Complete two-phase, full-wave ampli- 


fier-controller for a % 


motor. 


HP brushless DC servo 


Fig. 6.9.9. Brushless DC motor housing together 
with two different stator assemblies and a ceramic 


magnet rotor. 
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6.10. SUMMARY 


Brushless DC motors can be used for a 
variety of applications. The advantages of 
state-of-the-art magnet materials have made 
possible brushless DC motor designs which 
have very high torque-to-inertia ratios. 
Since commutation is performed in circuit 
elements external to the rotating parts, 
there are no items which would suffer 
from mechanical wear, except the motor 
bearings. The brushless DC motor will, 
therefore, have a life expectancy limited 
only by mechanical bearing wear, and the 
reliability of the electronic controller. 


The brushless DC motor can be controlled 
with very efficient amplifier configurations. 
In cases of severe environmental conditions 
the controller can be located remotely 
from the motor. The control system can 
easily interface with digital and analog in- 
puts, and is therefore well suited for incre- 
mental motion (see the following discus- 
sion 6.11) and for phase-locked speed con- 
trol systems. The motor and control have 
a lower level of radio frequency emission 
than the conventional DC motors and 
controls. 


The brushless DC motor controller has, in 
general, a more complex configuration than 
the controller for an equivalent conven- 
tional DC motor, but may be similar in size 
and complexity to a closed-loop step motor 
controller. The commutation sensor system 
can in some casés provide some incremental 
information of shaft angle for incremental 
motion applications, but usually an en- 
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coder system is added to the commutation 
system to suit the application. 


Table 6.10.1 shows a brief comparison of 
the conventional DC motor and the brush- 
less DC motor. Due to the many variants 
available of the two kinds, the comparison 
has to be very general. However, it may 
give more insight into the basic chara- 
acteristics of the two. 


TABLE 6.10.1. 


A brief comparison between conventional DC motors 
and brushless DC motors 


CONVENTIONAL DC MOTORS 
GOOD POINTS: 


1. Controllability over a wide range of 
speeds. 

2. Capable of rapid acceleration and 
deceleration. 

3. Convenient control of shaft speed 
and position by servo amplifiers. 


PROBLEM AREA: 


1. Commutation (brushes) causes wear 
and electrical noise. 
This problem can be kept under 
control by selection of best ma- 
terials for each application. 


BRUSHLESS DC MOTORS 
GOOD POINTS: 


1. Controllability over a wide range 
of speeds. 

2. Capable of rapid acceleration and 
deceleration. 

3. Convenient control of shaft speed 
and position. 

4.No mechanical wear problem due 
to commutation. 

5. Better heat dissipation § arrange- 
ment. 


PROBLEM AREA: 


1. Requires more semiconductor de- 
vices than the brush type DC motor 
for equal power rating and control 
range. Oo 


6.11.STEP MOTORS VERSUS 
BRUSHLESS DC MOTORS 
IN DIGITAL POSITION SYSTEMS 


6.11.1. INTRODUCTION 


Step motors are, in their proper market, 
very useful and economical. The designer 
of a system only has to send a given num- 
ber of pulses to a controller and the motor 
will move an appropriate number of steps 
and then stop. This works well as long as 
the load moment of inertia and friction 
levels are within design limits, and the 
step rate is within the capability of the 
motor and controller. The brushless DC 
motor has, by our earlier definition, no 
inherent capability of moving in discrete 
steps. However, with the addition of very 
few parts the brushless DC motor can per- 
form better than step motors in tncre- 
mental motion systems. 


6.11.2. STEP MOTOR PERFORMANCE 
LIMITATIONS 


With the ever-increasing technological de- 
mands on incremental motion devices, step 
motor systems are continually called upon 
to provide higher step rates and slew 
speeds, and to handle larger inertial loads. 
While the step motor industry is con- 
tinually improving their products to handle 
increased demands, the problems inherent 
in the motor design principles come to the 
foreground as step rate demands increase. 
Following is a list of the major problems 
with currently available step motor sys- 
tems: 


1) 


2) 


3) 


4) 
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Settling time. The open-loop — step 
motor controller cannot cope well 
with the damped oscillatory settling 
behavior of the step motor shaft into 
a final position. | 
Lack of availability of a variety of 
step angles. Step motors have fixed 
step angles, which may not always 
fit given applications. A change in 
step angle involves re-tooling the rotor 
and stator laminations, a very expen- 
sive procedure. 

Slew speed problems. Step motors are 
limited in high speed slew rates and 
have ‘‘forbidden zones” of operation, 
where the system can lose synchro- 
nism. 

“Jerky” speed. \n some applications 
the step motor’s inherent reluctance 
cogging causes speed modulations 
which are inconsistent with accept- 
able performance. 


Power 
Power 


Switching 


K 


Supply 


AC to DC 


Input 


| Switching 
Buffer 


Logic 
Logic 


5) Inability to handle large inertial loads. 

- Because of the pulse excitation con- 

trol, large inertial loads present diffi- 
culties for step motors. 


~The most common method of solving some 


of these problems in high performance 
systems is to provide an incremental shaft 
angle encoder to aid in the step switching, 
and the result is improved step rate and 
settling time. The user then has the follow- 
ing equipment: a power supply, a digital 
logic controller, a multi-phase switching 
controller, an ecoder and a motor. The 
parts are shown in block diagram form in 
Fig. 6.11.1. 


6.11.3. BRUSHLESS DC MOTOR 
INCREMENTAL MOTION 
CONTROL 


In order to get high performance ‘‘step 
motor’ action with controllable damping 


Rotor 


Position 
Encoder 


Encoder 


Logic 


Fig. 6.11.1. High performance step motor system. 


and with slew rates limited only by me- 
chanical strength of the motor and count- 
ing rate limitations of the logic circuit, we 
can demonstrate the system as shown in 
Fig. 6.11.2. Included in the components, 
in addition to the parts shown in 
Fig. 6.11.1 (the closed-loop step motor 
system) are the commutation encoder, the 
DC brushless tachometer and the DC servo 
compensation network. The latter part is 
adjustable to accommodate varying load 
moments of inertia and other factors 
affecting system stability. There are, of 
course, other differences in signal pro- 
cessing and logic, but the purpose of this 
discussion is to demonstrate, in a general 
way, how this is accomplished. This system 


Power 


NO Power 
Supply 


Logic 


DC Servo Compensation 
and Optional DC 
Tachometer Logic 


Switching 


Switching 


has performance parameters exceeding the 
closed-loop step motor system in 
Fig. 6.11.1. It is more versatile in that by 
choice of proper position encoder one can 
have any desired number of steps per 
revolution. In addition, the system will 
have the high torque-to-inertia ratio of a 
DC motor, will behave as a DC motor at 
high speeds and therefore will have higher 
Operational range than the equivalent step 
motor. 


In Table 6.11.1 we see a brief summary of 
the main features of each system. A photo- 
graph of a system demonstrator is shown 
in Fig. 6.11.3. 
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Fig. 6.11.2. High performance BLM “electronic” step motor. 
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6.11.4. CONCLUSION requirements are encountered it is worth- 

while to investigate the advantages of 
Step motors used in their ‘‘natural’’ opera- _ brushless ‘‘electronic step’’ DC motor sys- 
tional range are well suited for step appli- tems. 0 
cations. Whenever high performance step 


TABLE 6.11.1 


BRIEF COMPARISON OF CHARACTERISTICS OF CLOSED-LOOP STEP MOTORS 
AND BRUSHLESS MOTORS FOR INCREMENTAL MOTION 


STEP MOTOR 


Has an inherent number of discrete shaft 
stop positions. 


~ Requires a high number of winding switch- 


ing sequences. 


Winding inductance is a dominant factor 
which may be limiting high speed perfor- 
mance. 


Has non-linear torque-speed characteristics. 


Requires incremental shaft angle encoder. 


The number of encoder lines is dependent 
on motor step angle. 


The incremental encoder and circuitry pro- 


vide improved position damping over the 
open-loop motor system. 


Position stiffness dependent on magnetic 
detent force and step angle. 
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BRUSHLESS DC MOTOR 
Objective is to provide shaft rotation with- 
out any preferred positions due to motor 


construction. 


Requires a low number of winding switch- 
ing sequences. 


Due to a lower number of switching se- 
quences the winding inductance is a lesser 
problem at high shaft speeds. 

Has linear torque-speed characteristics. 


Requires incremental shaft angle encoder. | 


The number of encoder lines is indepen- 
dent of motor parameters. 


Has optimum position damping response if 


analog tachometer is used. 


Position stiffness dependent on encoder 
line-to-line angle, motor torque. 


Fig. 6.11.3. Bru 
shless DC motor and controller for demonstration of “electronic step motor” performance 
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Chapter 7 


Optical Encoders 


7.1. INTRODUCTION 


As referred to in this discussion, an encoder 
is an electromechanical device used to 
monitor the motion or position of an 
operating mechanism, and to translate that 
information into a useful output. The out- 
put can take the form of a simple system 
status indication, or it can provide feed- 
back control information or in other ways 
interface with related devices. 


There are several position sensing techni- 
ques available to the system designer. The 
most widely used types of sensors fall into 
one of the following types: capacitive, 
magnetic, contact or optical. This discus- 
sion is confined to the latter type: linear 
and rotary optical encoders. Since optical 
encoders offer significant improvements 
over earlier and less sophisticated methods 
of position sensing, it is hoped that the 
reader will find this information to be use- 
ful in applying optical encoding techniques 
to new equipment designs, as well as to the 
upgrading of existing equipment. 


7.2 OPTICAL ENCODER COMPONENTS 


Typically, an optical encoder consists of 
four components: (1) a /ight source, which 
can be an incandescent lamp or light- 
emitting diode (LED), depending on design 
considerations; (2) a pattern of alternating 
Opaque and translucent segments appearing 


on an assembly (disc or sca/e) that stands 
between the light source and its associated 
light sensor, and which usually tracks the 
movement of the device being monitored; 
(3) the light sensor, often a phototransistor, 
but possibly a photovoltaic component 
(solar cell); and (4) conditioning circuitry 
such as may be required to convert sensor 
Output to properly formatted information 
for the desired readout or interface. The 
interrelationship of these components is 
shown in Figure 7.2.1, which is a func- 
tional sketch of the elements of a simple 
rotary optical encoder. 


CONDITIONING 
ELECTRONICS 


SENSOR 


Figure 7.2.1. Components of an Optical Encoder 


For increased resolution, the light source is 
collimated, and an additional element — 
the mask — is added between the disc and 
sensor. In such applications, the mask and 
disc produce a shuttering effect so that 
only when the translucent segments of 
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both are in alignment light is permitted to 
pass through to the sensor. This configura- 
tion is shown, also using a rotary encoder 
example, in Figure 7.2.2. 


CONDITIONING 
ELECTRONICS 


SENSOR 


——= Gta 


Figure 7.2.2. High Resolution Optical Encoder 


7.3. TYPES OF OPTICAL ENCODERS 


Two basic types of optical encoders are 
described here: /inear and rotary. The 
distinction is simple: with the linear 
encoder, direct digital information can be 
obtained regarding the position and/or 


velocity of an arm moving along a linear 


axis. Rotary encoders are those designed to 
sense the movement and/or position of 
devices which rotate about an axis. By far 
the more common of the two, rotary en- 
coders are either /ncremental or absolute in 
encoding function, as described below: and 
are available both as self-contained dis- 
crete components and as modules for inte- 
gration into related end products. 


7.3.1. INCREMENTAL ROTARY ENCODERS 
Incremental encoders provide efficient and 
economical means for obtaining position or 


velocity data in many applications. This 
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results from the inherent simplicity of the 
incremental encoder, as compared to the 
absolute. With only one or two output 
channels, the incremental has fewer com- 
ponents and less complex code _ discs. 
Hence, the cost of a standard incremental 
encoder is typically 60 percent less than 
that of an absolute with equivalent cap- 
abilities. 


Functionally, the incremental encoder 
generates a_ serial pulsetrain output by 
reading, the number of increments traversed 
on the code disc track as the encoder shaft 
rotates. In order to know the exact amount 
of travel, it is necessary to count the out- 
put pulses with an external digital counter. 
The counter then maintains a memory of 
the position information for the encoder. 


should a power failure occur, the counter 
can reset and lose track of the position. An 
index pulse, once per revolution, can be 
used to recalibrate the counter after a 
power failure. For a fail-safe system, a 
battery backup system should be provided 
for the counter and encoder; or else an 
absolute encoder should be used. The 
determining factor on whether to use an 
absolute versus an incremental encoder lies 
in the cost trade-offs of the system. 


Incremental encoders are used exclusively 
where velocity is the desired parameter. 
Velocity sensing functions include ta- 
chometers and velocity-feedback systems, 
as utilized in the tape transport industry. 
In these cases, a modular rotary encoder is 
normally mounted directly on the motor 
shaft. Incremental encoders are also used 


widely in many position-determining appli- 
cations. A typical position-sensing applica- 
tion is provided by the machine tool 
industry, where the position of the tool 
with respect to the work piece must be 
constantly observed. The rotary encoder 
gives a number of cycles of output for 
each inch of tool travel. A typical 2500 
cycle encoder with 4X = mulitiplication 
provides measurement tolerances in the 
order of .0001 inch per inch of travel. 


There is a variety of standard incremental 
encoder configurations for applications 
requiring resolutions up to 5000 cycles 
per revolution. Standard encoders can be 
provided with internal electronics for 
interfacing with any logic type (CMOS, 
TTL, DTL, etc.). Certain configuration 
sizes also permit the inclusion of multi- 
plication and direction-sensing electronics. 
Additionally, incremental encoders can be 
provided with either a single channel out- 
put or with any of the following output 
combinations: 


a. Dual output from a single count, with 
each output phased by 90 degrees 
(phase quadrature). 


b. Single output plus once per revolu- 
tion pulse (zero reference or index). 


c. Dual output plus index. 


d. All of the above options taken from 
two different tracks. . .as with the 
English/Metric encoder, which pro- 
vides outputs both in English and 
Metric (e.g. 1000/2540), either in- 
dividually or simultaneously. 


7.3.2. ABSOLUTE ROTARY ENCODERS 


Absolute or “whole word’ encoders 
generate a unique digital parallel output for 
every shaft position. This absolute posi- 
tional information is normally expressed 
in code formats such as binary, BCD, Gray, 
XS3, XS14, etc. Each bit in the digital 
word represents an independent track on 
the encoder disc, and an independent out- 
put channel with its associated electronics. 
Special codes for various purposes are 
routinely created. 


Since it is not uncommon for an absolute 
encoder to have 13 or more output chan- 
nels, as compared with the normal one or 
two in the incremental encoder, the higher 
cost of the absolute is apparent. For many 
applications, however, this higher cost is 
clearly justified. The positional information 
is read from the disc in an absolute encoder 
and from an external counter in an incre- 
mental encoder. Therefore, the information 
read from an absolute encoder is unaffected 
by power failure or noise. 


Absolute encoders are normally used for 
generating positional feedback information. 
One example of usage is for monitoring the 
distribtuion of water through various 
canals and reservoirs in water conservation 
programs. Depsite higher cost, absolute 
encoders are warranted for such applica- 
tions, not only because of their inherent 
fail-safe features, but also because they 
afford a savings in power consumption. 
Absolute encoders need only be powered 
when information is required. 
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7.3.3. LINEAR ENCODERS 


With a linear encoder you can discern 
the position or velocity of an arm moving 
along a linear axis. The encoder eliminates 
the need for a mechanical conversion, and 
thereby allows resolutions and accuracies 
that are unobtainable with a rack and 
pinion in the system. 


Linear encoders operate on the same basic 
principle as the rotary encoders: the 
“transmissive optical’’ principle. A glass 
scale with light and dark increments is 
affixed to the arm in motion; the scale 
moves within a yoke-shaped read head that 
contains a source of illumination on one 
side of the scale and a sensing assembly on 
the other. Light passing through the scale is 
sensed by photodetectors, which generate 
the signal output. 


The arm in motion can have any conceiv- 
able shape, configuration, length, depend- 
ing upon the function being performed. 
There are as many different mechanical 
configurations of linear encoders as there 
are applications. 


Linear scales can be designed for absolute 
as well as incremental encoding functions, 
in lengths ranging from less than an inch up 
to several feet. Resolution in linear en- 
coders is expressed by the displacement of 
lines per inch, where one “‘line’’ equals an 
Opaque segment on the scale and its 
adjacent clear segment. Scales have been 
designed for precision inspection equip- 
ment with resolutions of 10,000 lines per 
inch that are accurate to 50 millionths of 
an inch. A summary of the most common 
applications for linear encoders is given in 
Table 7.3.1 below. Figures 7.3.1 through 
7.3.4 depict some of these applications. 


TABLE 7.3.1. LINEAR ENCODER APPLICATIONS 


Disc Memory System 
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| TYPICAL RESOLUTION 
APPLICATION | USAGE AND ACCURACY 


Position feedback information 
for locating the read heads over 
the respective tracks on the 


memory disc. millionths. 
Machine Tools Indicates the position of the Resolution: 500-2500 
tool with respect to the work lines per inch. 
piece. Accuracy: 100 to 500 
millionths. 
Coordinatographs Indicates postion and bypasses Resolution: 10,000 
and Plotters the lead screw. lines per inch. 
Accuracy: 50 to 100 
millionths. 
Inspection Precision measurement with Resolution: 10,000 
Equipment visual display as applied to lines per inch. 
height gauges, comparators, etc. Accuracy: 50 to 100 


Resolution: 100-200 
lines per inch. 
Accuracy: 50 to 100 


millionths. 


Figure 7.3.1. Disc memory type of linear head offers Figure 7.3.2. This example of a linear head used for disc 
prealigned features, and provides 100 or 200 tracks per memory applications is similar to the head shown in 
inch, and indications of BOT (beginning of travel) and Figure 7.3.1, offering 200 tracks per inch. 

EOT (end of travel). 


Figure 7.3.3. Another disc memory application shows a Figure 7.3.4. The head and scale used on coordinato- 
linear head and scale to be aligned by the user when the graphs provide 1000 lines per inch. Such units can be 
unit is integrated into an end product. This encoder butted together, thereby providing readout over several 
offers 400 tracks per inch, plus BOT and EOT. feet. 


7.3.4. MODULAR ENCODERS 


Modular encoders are offered to enable a 
manufacturer to build an encoder into his 
product, rather than couple an external 
encoder onto the shaft. Modular encoders 
are provided as a sub-assembly, with two 
basic elements: 1) code disc and hub, 
2) housing, sensor, light source and elec- 
tronics. The customer then assembles and 
integrates these elements directly onto the 
shaft within the casement of his end pro- 
duct. The modular elements are prealigned 
in order to minimize the time and expense 
required of the customer for the final 
integration. 


Applications which lend themselves best to 
the modular concept generally fall into 
three basic categories: (1) where coupling 
one shaft to another might introduce 
torsional resonance, create errors or in 
other ways detract from system perfor- 
mance; (2) where lowest possible cost is 
essential: and (3) where encoders are an 
integral part of the motor housing or case. 


Most modular encoders are incremental, 
but are also available as absolute. 


7.4. SPECIAL DESIGNS & OPTIONS 


Encoders for unique applications fit basi- 
cally into three categories of design: 
1) altitude reporting encoders, 2) multi- 
turn encoders, 3) high-resolution encoders. 


7.4.1. ALTITUDE REPORTING ENCODERS 


These encoders are designed to be incor- 
porated into the final assembly of altim- 
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eters. They derive motion through gears 
which are driven by the aneroid or by the 
servo. As the disc rotates, the differential 
pressure resulting from variations in alti- 
tude is converted into a digital output. The 
code is ICAO, which relates directly to 
altitude in increments of 100 feet. En- 
coders are supplied to the altimeter manu- 
facturer as a modular subassembly. Figure 
7.4.1 shows an example of this type. 


Figure 7.4.1. An Altitude Reporting Encoder Disc 
7.4.2. MULTITURN ENCODERS 


Where high-bit capacity is required for 
defining long distances of motion, multi- 
turn encoders make use of two or more 
discs mounted on a gear train. The gear 
ratio between the input and output discs 
dictates the total number of revolutions of 
the input shaft required to generate the full 
Capacity Output. For example, assume the 
input disc is a 100 count unit, and that the 
Output disc is a 1000 count unit; also, 
the reduction gear ratio between input 
and output is 1000 to 1. The reduction 
ratio causes the output disc to advance one 
count every time the input shaft makes 
one complete revolution (100 counts). 
Therefore, 1000 revolutions of the input 


are required for one revolution of the 
output. The total capacity is thus the pro- 
duct of both discs, which equals 100,000. 
By changing the disc resolutions and the 
gear ratios, multiturn encoders can provide 
a variety of count ranges. 


7.4.3. HIGH RESOLUTION ENCODERS 


For special requirements, high resolution 
encoders are available, such as Size 40 
(four inch diameter) with resolutions up to 
35999 in 8-4-2-1 BCD. This encoder can 
be modified to provide 16 bits in natural 
binary or Gray code. 


7.5. ENCODER DISCS 


The disc determines the resolution and 
accuracy of the encoder. The purpose of 
the disc is to Operate as a rotating shutter, 
alternately blocking and transmitting light 
from its source to a light sensor. The disc 
is designed with an arrangement of opaque 
and transparent segments, and may be 
manufactured with any material that lends 
itself to this criterion. Figure 7.5.1 presents 
some examples of discs. 


Figure 7.5.1. Typical Encoder Discs 


Discs are made from plastic, mylar, glass 
or metal. The superior properties of glass, 
in the areas of stability, rigidity, hardness 
and flatness, afford it as the most practical 
material for disc production, although the 
other materials have a higher shock and 
vibration resistance than glass. The opaque 
segments can be photo emulsion or met- 
alized. The metalized glass has a harder 
surface than photo emulsion, and is more 
resistant to harsh environments. 


Figure 7.5.2 illustrates two code discs: 
incremental and an absolute. Note that the 
incremental code (at left in the figure) is 
a single track. Provisions must be made to 
count the number of transitions to deter- 
mine the position or velocity information. 
The absolute code represents a 4 bit natural 
binary. The 4 bits permit 16 discreet posi- 
tions. Each position has a unique binary 
word; i.e., position 7 is represented by the 
word 0111. 


Figure 7.5.2. Incremental (left) and absolute code discs. 
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7.6. DIGITAL CODES 


With the large number of applications re- 
quiring. the interfacing of mechanical 
devices and electronic controllers, the need 
for converting mechanical position into an 
electronic signal is increasingly being solved 
by optical encoders. Depending on the 
applications, various methods of describing 
or coding an analog value into a digital 
pattern have been devised. 


An absolute code makes use of one track 
on the disc for each bit; therefore, a 4 bit 
encoder in natural binary has 4 tracks, an 
8 bit encoder disc has 8 tracks, and so on. 
The track having the greatest number of 
Opaque and translucent signals is con- 
sidered to be the LSD — least significant 
digit. The track having the least number of 
signals is known as the MSD — most 
significant digit. The tracks provide infor- 
mation which is weighted in an increasing 
importance from the LSD to the MSD. In 
the natural binary code pattern, when 
changing from the decimal number 7 to 
number 8 and from number 15 to number 
O, all of the bits change value from logic 
1 to logic O (or vice versa). 


The least number of channels or bits are 
required with the natural binary code. Each 
bit represents a power of 2, such as 1, 2, 4, 
8, 16, etc. The analog value is represented 
by binary bits: ‘1 representing a trans- 
parent segment and “0” representing the 
Opaque segment. When the values of each 
bit are added together, the value of the 
analog number is obtained. For example, as 
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shown below, the analog number ‘178’ is 
represented by: 
128 64 32 146 8 4 2 1. (bit value) 


(state of 
1 0 1 1 0] 0 1 0 each bit) 


128 +0 +32+16+ O+ O+ 2+ O=178 


Since values or weights can be assigned to 
each binary digit or “‘bit’’, and then added 
to convert the analog value they represent, 
the natural binary code is a weighted code. 
And, since several bits may change state 
at a transition between two numbers, the 
natural binary code is also a polystrophic 
code. Some example analog numbers are 
shown here with their binary equivalents. 
1= 1,2 = 10, 3=11, 4 = 100, 5 = 101, 
6 = 110, 7 = 111, 8 = 1000 and, as above, 
178 = 10110010. 


Polystrophic codes are so known because 
two or more bits may change at a transition 
between adjacent words. Figure 8.6.1 
shows a natural binary count of 16 code 
(zero through 15), and could be read with 
four in-line sensors. Due to mechanical 
tolerances, there will be a finite timing 
error, Or ambiguity, among the four sen- 
sors. Techniques to compensate for this 
ambiguity include “V” scan and “U” 
scan sensor arrangements. In Figure 7.6.1 
the sensors form a “‘U” shape; hence the 
term U scan. 


Retard Advance ; 
In Line 


Sensors Sensors 


Figure 7.6.1. U Scan Arrangement 


Figure 7.6.2 represents the wave form from 
the U scan sensors. Note the advanced and 
retarded wave forms of the two sensors for 
track 2. When these two wave forms are 
gated by the least significant track, a wave 
form is generated whose transitions have 
zero time errors. The logic gating to 
generate this decoded track can be ex- 
pressed at (1-2A+1-2R)= track 2 decoded. 


WAVEFORMS | 


Sensor “1” 

Sensor 2A ML DJS a Lok 
Sensor 2R ~La_S o_O 1 
Sensor 4A oS LEN 
Sensor 4R 7 a 
Sensor 8A ___._ss—sFsFsesa 
Sensor 8R L__WSs ses 


R A R A R A R A R A R A R A R 


"2" Decoded _A_8fa RLA_BSA RLA BSA RLA_BSA R 
"A" Decoded 4.8 4 Rfa Rk A RLA R A RGA RAR 
eof ee ees eS  tC—SS 


Figure 7.6.2. U Scan Sensor Waveform 


The same logic expression is used to decode 
tracks 4 and 8. For encoders with higher 
resolution, the sensors may be arranged in a 
“WV pattern. With this V Scan technique 
each decoded track is used to decode the 
next significant track. The V Scan technique 
simplifies mechanical alignment of the 
sensors. 


A conversion of digital to decimal form can 
be simpler if a binary number is used to 
represent each decimal digit. This is known 
as Binary Coded Decimal system (BCD) or 
the 8421 code. The digits O - 9 are natural 
binary numbers. However, ten is repre- 
sented as 0001-0000 rather than 1010 as 
above. Thus, “1/78 is represented as 


0001-0111-1000 in BCD format. More bits 
or tracks are required if such a code is used 
to encode a shaft position; however, the 
output is in BCD. 


Gray code, being monstrophic, has the 
advantage of requiring only a single bit to 
change from any one word to adjacent 
word. The conversion from Gray Code to 
natural Binary code is fairly simple, re- 
quiring one exclusive-or gate. Decimal, 
Gray Code and Binary equivalents are 
shown below: 


DECIMAL GRAY CODE BINARY 


0 0000 0000 
1 0001 0001 
2 0011 0010 
3 0010 0011 
4 0110 0100 
5 0111 0101 
6 0101 0110 
7 0100 0111 
8 1100 1000 
9 1101 1001 
10 1111 1010 
11 1110 1011 


Many trade offs must be made in deciding 
which of the codes (monostrophic or 
polostrophic) should be directly read from 
the code disc. In most cases, a monostrophic 
code pattern on the disc will be used and 
convert through digital lIgoic to a polo- 
strophic code if deemed necessary for the 
application. 
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The following codes are commonly used in 
building encoders. 


MONOSTROPHIC 


@® Gray Code 

@ ICAO (altitude 
report code) 

e XS-BCD (i.e. XS3, 
XS3/XS14, etc.) 

®@ Biquinary (2 out of 
5 code - Johnson code) 


POLOSTROPHIC 


e Natural Binary 
e 8421 BCD 


The Excess 3 (XS3) Code is sometimes used 
when simple arithmetic circuits are used to 
perform subtraction by the 9’s compliment. 
If all bits are complimented or inverted in 
the Excess 3 Code, the 9’s compliment is 
easily formed. 


DECIMAL/EXCESS 3 


0 0011 5 1000 
1 0100 6 1001 
2 0101 7 1010 
3 0110 8 1011 
A 0111 9 1100 


The Excess 3 Code can also be represented 
by a monostrophic code. 


GRAY CODE 
EXCESS 3 BCD 

TENS UNITS TENS UNITS 

DECIMAL DCBA DCBA DECIMAL DCBA DCBA 

0 0010 0010 5 0010 1100 

1 0010 0110 6 0010 1101 ~ 

2 0010 0111 7 0010 1111 

3 0010 0101 8 0010 1110 
4 0010 0100 9 


0010 1010 
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Some devices require the direct decimal 
code. 


0 0000000001 5 0000100000 
1 0000000010 6 0001000000 
2 0000000100 7 0010000000 
3 0000001000 8 0100000000 
4 0000010000 9 1000000000 


Numerous other codes serve special pur- 
poses including error correcting (Hamming) 
codes, ICAO code used for automatic air- 
craft altitude reporting, and others. 


Natural Binary and Gray Codes require the 
least number of tracks. The justification for 
the additional tracks needed for BCD is the 
ease of its application in interfacing with 
decimal display or BCD systems. 


7.7. MECHANICAL CONSIDERATIONS 


To the end user, the optical encoder is 
primarily a device designed to provide an 
electrical signal. The manufacturer views 
the optical encoder as an opto-mechanical 
assembly from which rotational or linear 
position, speed and/or acceleration can be 
determined. The optical encoder, as an 
opto-mechanical device, is only as good as 
the cumulative effects, or limits, of error 
that all the mechanical components of the 
assembly might exhibit. Such parameters as 
speed, slew rate, torque, inertia, size and 
weight, runout, shaft loading, eccentricity 
and end-play, are of major importance. 


7.7.1 SIZE AND WEIGHT 


Except for aerospace applications, encoder 
weight is rarely of any concern. However, 
size can significantly limit encoder resolu- 
tion. Figure 7.7.1. depicts the relationship 
of counts/revolution to code _ pattern 
centerline diameter and window opening 
(each adjacent translucent and opaque 
section on the code provides one complete 


cycle.) 
ar 
Lif 


mD 


Resolution = N = xX 


Where: 
D = Code Pattern Centerline 
X = Window Opening 
N = Counts/Revolution 


Figure 7.7.1 Counts per revolution vs. centerline diameter 
and window opening. 


7.7.2. SLEW SPEED AND SLEW RATE 


Angular speed of the encoder disc, the code 
pattern diameter and segment size are 
related parameters defining the frequency 
of a generated output signal from an 
optical encoder. The linear speed of a point 
on a disc equals the angular velocity w times 
the radius R of the point in question. It is 
this linear speed, divided by the segment 
cycle, that generates the output frequency 
of the encoder, as shown in Figure 7.7.2. 


Light Source 


On 


Photodetector 


RESULTING FREQUENCY 


f = Frequency 
2R 
Ww 


Angular Velocity 


Figure 7.7.2. Frequency Determination 


In equation form, the frequency becomes: 


f= (linear rate of speed of code pattern) 
— (number of complete window 
cycles per linear inch, 


or 
WN — nn (RPM's) 


f=—— 


20 60 


Thus, the frequency output of the optical 
encoder is generated by the angular speed 
of the disc. 


Slew rate is the maximum velocity at which 
an encoder will be required to perform. 
A typical example is tape rewind in a tape 
transport system. S/ew speed is an indicator 
of how fast the encoder may be rotated 
without introducing conditions detrimental 
to the bearings or other components of the 
mechanical assembly. As slew speed be- 
comes an important factor, it can be en- 
hanced by reducing the preload on the 
bearings and by using a high grade type of 
bearing in the assembly. 
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7.7.3. TORQUE, INERTIA 
AND ACCELERATION 


Torque, inertia and angular acceleration are 
equated in rotational motion by T = Ja 


where T = torque, J = inertia and aw = ac- . 


celeration. This represents the interdepen- 
dency of available torque of the driving 
motor, the desired system acceleration (or 
deceleration) and the added system inertia 
of the optical encoder. Acceleration is 
usually not a major concern in optical 
encoders. However, in extremely high 
acceleration applications, bonding strength 
of disc to hub and material stresses must be 
adequate to withstand the higher torques. 


Friction torque must be considered as 
either starting torque or running torque, 
which are analogous to static friction and 
dynamic friction. Starting and running tor- 
ques are greatly affected by the encoder 
requirements, and are contributed by not 
only the code disc, but also by the quality 
of bearings, bearing preload and bearing 
seals. Where extremely small, low inertia 
DC motors are employed in servo systems, 
encoder torques can be greatly reduced. 


However, this torque reduction has trade- 
off penalties. Reducing bearing preload 
and/or bearing sealing requirements will 
reduce torque, but will also increase 
radial and axial endplay, and will permit 
greater particle contamination in the 
bearing. 


Disc inertia may be of paramount impor- 
tance in some systems. In high acceleration 
or velocity servos where fast access, over- 
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shoot or settling time are significant, low 
inertia discs are mandatory. As resolution 
requirements also increase, larger discs may 
be necessary. And, since inertia increases 
by the 4th power of the disc radius, many 
trade-offs have to be considered. Inertia 
varies in direct proportion to the mass of 
the disc. Therefore, certain disc material 
trade-offs must be considered. Mylar and 
photoplast discs, while lighter in weight 
than glass, may present other mechanical 
difficulties. the best results have been ob- 
tained with very thin glass discs. 


7.8. MANUFACTURING AND 
HANDLING 


Manufacturing techniques and assembly 
sequence will vary considerably, depending 
on the application the encoder is designed 
to fulfill. The variables are dictated by the 
options required to meet the expected 
encoder performance, environmental con- 
ditions, and reliability. 


7.9. ENCODER RELIABILITY AND 
DESIGN CONSIDERATIONS 


Encoder failure can be divided into four 
areas: (1) light source failure, (2) bearing 
failure, (3) electronics failure and (4) en- 
vironmentally caused failure. 


The lifetime of an encoder’s light source 
depends on the type used, vibration level, 
power supply, and ambient temperature. 
Incandescent lamps can withstand higher 
temperatures, while LED’s withstand 


higher vibration levels and have a longer 
average life. Power supply regulation has a 
large effect on incandescent lamp life, as 
filament life is inversely proportional to the 
twelfth power of the applied voltage. 


1 \l2 
tL rt era er 


t, = Lamp life at voltage v 
t, = Lamp life at voltage (v + Av) 


Thus, a one percent increase in filament 
voltage will shorten lamp life by eleven 
percent. When incandescent lamps are used 
in encoders they are derated and burned in 
for approximately 300 hours, to maximize 
life and statize output. Thus, average 
filament lifetimes of 50,000 to 100,000 
hours are possible. 


To minimize error caused by axial and 
radial play in the encoder shaft, the bearings 
are usually class 7, and are preloaded near 
the recommended limit. However, excessive 
preload is the usual cause of early bearing 
failure. Thus, the bearing housing used in 
encoders must be carefully designed to 
obtain maximum life without excessive 
wear. 


The environment has a large impact on en- 
coder design. Potential humidity, tempera- 
ture or dust contamination may require 
special consideration in the specification of 
encoders. 


Where seals are necessary, encoders employ 
an O-ring seal between the outer cover and 


bearing assembly. Condensation or liquid 
splashing usually requires the use of sealed 
bearings. By incorporating O-ring shaft 
seals, low rom encoders can be made sub- 
mersible. Where both humidity and temper- 
ature must be tolerated, metalized discs and 
masks are usually used instead of photo- 
graphic emulsions. 


To achieve high resolution and accuracy, 
the mask and disc: surfaces are usually 
spaced .001 to .006 inches apart. Any 
emulsion swelling due to high temperature, 
120°F or above, or high humidity with 
possible condensation, or dust contamina- 
tion may limit the life of the encoder. 


The electronic circuits used in most en- 
coders are generally very reliable and 
normally outlast the light source and bear- 
ings in encoders. Two exceptions are: 
In very high temperature environments 
above 125°C, and with complex encoders 
using several integrated circuits. Early 
failure of integrated circuits or “infant 
mortality’’ can be as high as .5 or 1% 
during the first one thousand hours tf com- 
mercial non-stress-tested devices are used. 
Thus, if an encoder design uses eight IC’s, 
as many as 4% of the encoders may fail 
during the first 1,000 hours due to “‘infant 
mortality.””. Simple burn-in or artificial 
aging procedures can reduce this rate trom 
5% to .1%. 


Design considerations as related to encoder 
life are summarized in Table 7.9.1, fol- 
lowing. 
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TABLE 7.9.1. COMPONENT TRADEOFFS 


ENCODER COMPONENT 
OPTION ADVANTAGE DISADVANTAGE 
Incandescent Lamp High light output. Resistant | Filament sensitive to vibration. 
to high temperatures. Requires lens for collimation. 


Long life. Simple to install. 
Requires less current 


Less light output. Usually in- 
frared cannot be visually 
observed. Limited to about 
80°C. Higher cost than incan- 
descent. 


Silicon Photo Less expensive. Resistant to {| Low cost prevents hermetic 
Voltaic Cell temperatures to 150°C. sealing. 


Photo Transistor Higher sensitivity; can be Limited to upper temperature 
| hermetically sealed. Higher | limit. Higher cost. 
output. 


Photographic Disc 
Emulsion 


Less expensive Only moderately hard. Not 
resistant to high humidity. 


Limited to 120°C. 


Metal on Glass Resistant to high tempera- 
ture, humidity & scratching. 


Photoplast Disc Low inertia. High Less rigid disc. 
resistance to shock. 


Sealed Bearings Less contamination More expensive. Higher 
possibility by dust & running torque. 
liquids. 


7.10. ACCURACY AND ERRORS 


The total accuracy of an encoder—incre- 
mental or absolute—is affected by the com- 
bined error potential of the encoder/sys- 
tem configuration. This error can be sum- 
marized as follows: 


Total Error = encoder error + syste 
interaction errors 


7.10.1 ENCODER ERROR 


Encoder error is the aggregate of guantiza- 
tion error, instrument error and_ signal 
processing errors, including generation and 
transmission errors. 


7.10.1.1. Quantization Error — some quan- 
tization error is present in any digital de- 
vice. In the case of optical encoders, it is 
determined by the intricacy of the pattern 
printed or deposited on the disc or scale, 
which in turn is dictated by desired accu- 
racy, output requirements and _ other 
interfacing provisions. As shown in the 
figure below, quantization error will be a 
maximum of , Where N is the number 
of lines in one disc revolution (or for 
linear types, the number of lines in one 
scale length). Thus, the accuracy of posi- 
tion readout is limited by this type of 


error. 
7] F Quantization Error 


ote be ke 


i 1 
Quantization error = oN maximum 


7.10.1.2. Instrument Error — is caused by 
the following defects; the total is usually of 
the same order of magnitude as the quanti- 
zation error. 


1. Assembly error and manufacturing 
mechanical tolerance buildup 

2. Mask or disc misalignment 

3. Mechanical vibration 

4. Temperature variation 

5. Electrical noise 

6. Faulty power supply regulation 


The limiting errors for rotary encoders are 
usually eccentricity, disc pattern variation 
and runout on the disc face. These me- 
chanical variations will produce ‘‘jitter’’ or 
‘flutter’. These are partly interdependent. 
Jitter will always be increased by disc 
eccentricity, but is also caused by inaccu- 
racies in the photo reduction process. 


Eccentricity is caused by radial bearing 
play, inaccurate dynamic centering of the 
disc pattern on the hub and by excessive 
clearance between the disc hub and shaft. 
Eccentricity produces several errors in the 
signal output, noted as follows. 


Amplitude Modulation — if the encoder 


Output is an analog or quasi sine wave, 
eccentricity will produce an amplitude 


variation such as shown below. 
Signal Amplitude 


R = track radius 
AR = Eccentricity error 
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Frequency Modulation — usually appearing 
as jitter on the oscilloscope, is one com- 
ponent of observed jitter, depicted below. 


F, - F, AR 
——} X 100% = % Flutter 


F, R 


Inter-channel Jitter — if the optical sensors 
for the two channels are separated by angle 
6, eccentricity will produce additional 
jitter of an amount equal to: - 


a3 lg 


TRACK A 


SENSORS oe 
% Inter-channel 
jitiee 2 00% 
R 2m 180° 
Where 
N = number of lines on disc 
0 = angular separation in degrees of 
sensors | 
AR 


ae % eccentricity 
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Oscilloscope traces of the output of Tracks 
A and B depicted above, would appear as 
shown: 


TRACK A 


QUADRATURE = 90° (+9°) 


Angular Error — is the difference between 


the angle indicated by the encoder and the 
actual shaft angle, due to imperfect cen- 
tering of the disc pattern with respect to 
the axis of rotation. 


_ . .-max 
Angular error = arc sin BR 


Where R max = maximum distance 
from the code pattern 
to the axis of rotation 


R a the minimum distance 


mM 


For example, encoder discs are usually 
centered by either optical or electronic 
means. Typical centering accuracy is + 5% 
of one line width. Thus, for R = 1 inch, 
N = 1000, eccentricity error will be approx- 
imately 3 x 10~4 inches. 


If this is added to the eccentricity caused 
by shaft runout of .0002 in., and a hub/ 
shaft clearance of .0002 in., total worst 
case eccentricity is .0O07 in. Thus, a 1000- 
count, 2-inch diameter encoder could have 
.07% amplitude modulation, which would 
seldom be significant. Assuming .07% fre- 
quency modulation, and angular error of 
04°: and if angular seperation between 
tracks A and B is 20°, then Jitter = 1.2%. 


7.10.1.3. Signal Processing Errors 


Signal Generation — for most encoder 
applications, the electronic circuitry for 
signal generation senses the point at which 
the voltage output crosses through zero. 
Thus, any shift in the zero crossover can 
be an error. Besides eccentricty and disc 
runout discussed earlier, gap variation, 
excessive mask-disc gap, and temperature 
drift can cause crossover error. Zero cross- 
over error appears as a constant, as a ran- 
dom variation or as a rapid periodic error 
(jitter). 


As shown in the figures below, a single 
light sensor cannot produce a zero voltage 
output without an offset bias due to non- 
collimated light, scattering, finite mask- 
disc gaps, and mask misalignment. 


Non Collimated Light 


Collimated Light 


Bias = DC Offset 


Zero Crossover 


Sensor 
Voltage Output 


DC Offset 


Shaft Angle 
Rotation 


Although a bias voltage can be used to 
cancel the DC offset of a single sensor, 
a small gap variation or temperature 
change would cause the DC offset to 
change; therefore, causing a change in the 
zero crossovers. 


Sensor Output 


mi 


DC Offset Change 


Shaft Angle 
Rotation 


Zero Crossing 
Error 


The use of two sensors per track output 
will nearly cancel this drift if the sensors 
are operated back-to-back or ‘‘push-pull”. 
Thus, two masks and two sensors per track 
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are used with the masks arranged to pro- 
duce signals with 180° phase difference 
from the sensors. 


Sensor A 


Sensor B 


Total output = A-B 


Output with DC offset due to temperature 
or gap variation is shown: 


Avivavae=™ 


Wy \/ \ / \ J & Offset 


ThULeA it 


JU 


Total = Sensor A - Sensor B 
DC Offsets Cancel 


Thus, the modulations and drift in the zero 
crossover are minimized by the use of two 
sensors per track output. This error can- 
cellation requires closely matched sensors 
for output, temperature tracking, and high 
frequency rolloff. Other errors reduced by 
“back-to-back” sensors are changes in light 
excitation and errors due to poor voltage 
regulation. 


Signal Transmission — problems encoun- 


tered in trasmitting the encoder signal to 
the receiving electronics are usually those 
of electrical noise or signal distortion. 
These could result in gain or loss of counts, 
and hence incorrect data on the perfor- 
mance of the device being monitored. 


Electrical noise can be minimized by the 
following techniques: (1) using shielded 
cable, (2) installing a low value pull-up 
resistor, typically 100 ohms, (3) use of a 
line driver and (4) use of a differential line 
driver. In the latter case, a differential line 
driver is used where long interconnections 
exist. A shielded twisted pair cable and 
mated line receiver are used. 


7.10.2SYSTEM INTERACTION ERRORS 


System interaction errors are the result of 
the effects of gears, racks and pinions and 
drive belts used to couple the encoder with 
the system. Also, in the case of linear 
encoders, misalignment can cause signifi- 
cant cosine errors. O 
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Appendix 
SI System and Conversion Factors 


A.1. SESYSTEM OF UNITS (METRIC SYSTEM) 


The International System of Units (in 
French: Systeme International d’Unites - 
SI) was given its name in 1960 by the XI. 
Conference Generale des Poids et Mesures. 
The system covers the whole science and 
technology. It was derived from the MKSA 
(metre-kilogram-second-ampere) system of 
units, which covers only mechanics, elec- 
tricity, and magnetism. 


The former CGS (centimetre-gram-second) 
system of units is still sometimes used 
(especially in magnetism), regardless of 
whether its use has been deprecated by law 
in metric nations. Therefore, the Conver- 
sion Factors Table in Appendix A.2. in- 
troduces some of the CGS magnetic units 
and their relation to Sl and British units. 


The SI is an absolute (independent of 
gravity), coherent system of metric units, 
which is based on seven base units of 
the following quantities: 


| _length —|_smetre | om 
[mass ——|_kilogram | kg 
[time [second | s 


electric ampere A 
current 


luminous | candela 
intensity 

amount 

of mole 
substance 


These base units are supported by two 
supplementary units: 


solid angle | steradian [sr 


From the base and supplementary units 
is successively and systematically derived a 
series of derived units which, together with 
base and supplementary units form the Sl. 
All these units are coherent; i.e., in their 
definition equations are no numerical co- 
efficients at all. Therefore, also in practical 
equations are no numerical coefficients, 
if all quantities are expressed in_ base, 
supplementary or derived units. 


In addition, there is a group of non-S/ 
units, which are allowed to be used to- 
gether with SI units. These units are related 
to corresponding SI units by means of cer- 
tain numerical coefficients. The reasons for 
their use are either historical or practical, 
like the use of minute, hour and day for 
time, angular degree and revolution for 
plane angle, //tre for volume, degree Celsius 
for temperature, etc. In the following text, 
each kind of unit will be distinguished by: 


(B) for base units, 

(S) for supplementary units, 
(D) for derived units, 

(N) for non-SI units. 
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In the SI system, the following prefixes are 
used to indicate multiples or submultiples 
of units: 


MULTIPLE PREFIX SYMBOL 


*to be avoided wherever possible 


Examples: 
millimetre 1mm= 1073 m 
kilovolt 1kV = 10° V 
microampere 1 yA = 10-5 A 
nanofarad 1nF = 10-9F 
femtogram 1fg = 10-'%g 
gigawatt 1GW = 109 W 
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DEFINITIONS OF BASE AND 
SUPPLEMENTARY SI UNITS 


Length 


() mere | om 


1 m = 1 650 763.73 A, whereA is the wave- 
length of radiation corresponding to the 
transition between the levels 2 Pio and 
5 d, of the krypton-86 atom in vacuum 


Originally, the metre was defined as 
1/(4x 10’) of the Earth’s meridian at sea 
level and realized by the length of the 
metallic international prototype. 


Frequently used multiples: 


kilometre 1km = 10° m 

centimetre 1em = 1072m 

millimetre 1mm= 10732 m 

micrometre 1um = 10-5 m 
Mass 


(B) kilogram kg 


1 kg is the mass of the international mass 
prototype which is secured by the Inter- 
national Bureau of Weights and Measures 
at Sevres, France 


Very accurately, 1 kg is the mass of 1% 
(litre) = 1 dm? = 1073 m® of water at 
4 °C and at normal atmospherical pressure. | 


Frequently used multiples and non-SI units: 


(N) tonne (metric ton) 


or megagram 1t = 10° kg = 1 Mg 
gram 1g = 107-3 kg 
milligram Tmg = 1076 kg= 107% 


Time 


second _ 
1s = 9 192 631 770 T, where T is the 
period of radiation corresponding to the 


transition between the two _ hyperfine 
levels of the ground state of the cesium-133 
atom 


Frequently used multiples and non-Sl 
units: 


(N) day (mean solar day) 
1d=24h=86 400s 


(N) hour 
1h = 3600 s 


(N) minute 
1 min = 60s 


millisecond 
1ms = 1073s 


microsecond 


Tus = 1076 s 
nanosecond 
1ns = 1079s 


Electric current 


ampere 


1 A is the DC current which, being main- 
tained in two straight, parallel and infinitely 


long conductors with negligible circular 
cross-section, spaced in vacuum 1 m apart, 
causes the force of 2 x 107” N per metre 
of length between them 


Frequently used multiples: 


1kA = 10°A 
milllaampere 1mA= 10-3 A 


kiloampere 


microampere 1pA = 10-5 A 
nanoampere 1nA = 10-29 A 


picoampere 1pA = 10-12 A 


Temperature (thermodynamic) 


1 K = 1/273.16 of the thermodynamic 
temperature of the triple point of water 


Temperature is measured and designated 
in two different scales: 


a) absolute temperature 
kelvin K 
b) normal temperature 
(N) degree Celsius °C 


where 
1K=1°C 
(magnitude of degrees) 
and 


0 °C = 273.15 K, so that 
© [°c] = 6 [K] — 273.15 


Reference points are: 


1. Triple point of water 
(calibration point) 


273.16 K=0.01 °C 


2. Freezing point of water 
273.15 K=0 °C 
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3. Absolute zero 
(lowest possible temperature) 


0 K = —273.15 °C 
Originally, the degree Celsius was defined 
as 1/100 of the temperature difference be- 


tween the boiling and freezing points of 
water at normal atmospherical pressure. 


Luminous intensity 


candela 


1 cd is the normal (perpendicular) luminous 
intensity of 1/600 000 m of the surface 


of an absolutely black body at the tempera- 
ture of solidification of platinum (2046.5 K) 
and at pressure of 101.325 kPa 


The candela is one of photometric units 
(like /umen, lux, etc.) which are related to 
optical properties of the human eye. There- 
fore, in physical radiation theory and mea- 
surement, only the radiometric units (watt 
for radiant flux, etc.) must be used. 


Amount of substance 


1 mol is the amount of substance of a sys- 


tem which contains as many elementary 
entities as there are atoms in 0.012 kg of 
carbon 12 


Plane angle 
1 rad is the plane angle between two radii of 


a circle which cut off on the circumference 
an arc equal in length to the radius 


There are 27 rad ina full circle. 
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Solid angle 


1 sr is the solid angle which, having its vertex 


in the center of a sphere, cuts off an area 
of the surface of the sphere equal to the 
square of the radius of the sphere 


There are 47 sr in a full sphere. 


REVIEW OF DERIVED SI UNITS AND 
NON-SI UNITS 


This review is limited to mechanics, ther- 
modynamics, radiation, photometry, elec- 
tricity and magnetism, and contains only 
the units related to the contents of this 
handbook. 


The successive method of derivation from 
the base and supplementary units is de- 
scribed and the dimension of each unit, 
expressed by means of basic dimensions 
(m, kg, s, A, K, ed), is introduced, e.g., 
[V] =m2 kgs73 AW! 


A. MECHANICAL UNITS 
Area 


(D) square metre 


Frequently used multiples and non-Sl units: 


square kilometre 1 km? = 10° m2 
(N) hectare tha = 10% m? 
(N) are 1a = 10? m2 
square centimetre 1 cm2 = 1074 m2 
square millimetre 1 mm? = 1076 m2 


Volume 


Frequently used multiples and non-SI units: 


(D) cubic metre 


(N) litre 12 = 1dm°=1073m3 
(N) millilitre 1m&= 107% 2=1cm? 
cubic | 

centimetre 1cm°% = 107-8 m3 
cubic 


millimetre 1mm%= 1072 m3 
Velocity (linear) 


(D) metre per second 


Frequently used multiples and non-sl 
unit: 


(N) kilometre per hour 
1 km/h= (1/3.6) m/s 


centimetre per second 
1 cm/s = 1072 m/s 


millimetre per second 
1mm/s= 1072 m/s 


The velocity of electromagnetic radiation 
in vacuum c= 2.99793 x 108 m/s. 


Acceleration (linear) 


(D) metre per square second nig? 


The standard (average) gravitational accel- 
eration is internationally stated by the 
value g = 9.80665 m/s? (exactly). 


Angular displacement 


i ee 
Ce coe 


Non-SI units: 


(N) angular degree 
1° = (27/360) rad 
0.017453 rad 


(N) revolution 
1 r= 3609 = (27) rad = 6.2832 rad 


Angular velocity 


radian 


Non-SI units: 


(N) angular degree per second 
1°/s = 0.017453 rad/s 


(N) revolution per second 
1 r/s = 6.2832 rad/s 


(N) revolution per minute 
1 r/min = 0.10472 rad/s 


Note: Symbols rom, krom are common in 
technical literature. 
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Angular acceleration 


radian per 
(D) 
square second 


Non-Sl unit: 


(N) angular degree per square second 
19/s2 = 0.017453 rad/s? 


Force 


1 N is the force which accelerates the 
mass of 1 kg by 1 m/s 


Technical unit of force (not approved for 
use in the SI), which is still sometimes used: 


kilopond 
1 kp = 9.80665 N 


1 kp is the force which accelerates the mass 
of 1 kg by g = 9.80665 m/s? so that 1 kp 


is the approximate weight (heaviness) of — 


the mass of 1 kg. The kilopond is also 
called kilogram-force (kgf). 


Torque 


(D) newton metre [Nm] = m2 kg s~2 


1 Nm is the torque produced by the force 
of 1 N acting on the radius of 1m 


Technical unit of torque (not approved for 
use in the SI), which is still sometimes 
used: 


A6 


kilopond metre 
1 kpm = 9.80665 Nm 


Moment of inertia 


(D) kilogram — square metre pkgm? 


Moment of inertia of a body (with respect 
to the given axis of rotation) is given by the 
volume integral 


J = [Pam 


m 


where dm is the mass element of the body 
and r is its radius with respect to the axis 
of rotation. 


Energy, work, amount of heat 


a | 
[J] =m? kgs 


1 J is the work of the force of 1 N along 
the path of 1m 


Other derived, non-SI (approved) and 
not approved units: 


(D) wattsecond 
1Ws=1J 
(N) kilowatthour 
6 
1kWh=3.6x10 J 
(N) electronvolt 


1 eV = 1.60206 x 10719 yg 


Not approved units still sometimes used: 


kilopond metre 
1 kpm = 9.80665 J 


kilocalorie (nutrition calorie) 


1 kcal = 4186.8 J 


1 kcal is amount of heat which increases 
the temperature of 12 of water by 1°C 


Power 


(D) watt [WI = m2 kgs~3 


1 W is the power performing the work of 
TJinis 


Not approved units still sometimes used: 


kilopond metre per second 
1 kpm/s = 9.80665 W 


horsepower (metric) 


1 hp = 75 kpm/s 
= 735.5 W 


Pressure, stress 


(D) pascal 


[Pa] = m~! kgs? 
1 Pa is the pressure developed by the force 
of 1 N over the area of 1 m2 


1 Pa=1N/m2 


kilopascal 
1 kPa = 10° N/m2 


megapascal 


1 MPa = 10° N/m2 
= 1N/mm2 


Not approved technical units still some- 
times used: 


kilopond per square centimetre 
1 kp/cm? = 98.0665 kPa 


technical atmosphere 


1 at =1 kp/cm2 


Not approved units still sometimes used in 
meteorology: 


The reference atmospherical pressure, so 
called “standard atmosphere”’ is stated by 
the definition 


1 atm = 101.325 kPa 
= 1013.25 mbar 


millibar 
1 mbar = 100 Pa 


torr 
1 torr = 133.322 Pa 


1 torr is equal to hydrostatical pressure of 


1 mm column of mercury at O°C and 
g = 9.80665 m/s* (1 atm = 760 torr) 


Frequency of oscillations 


frequency of oscillations is the number of 
complete cycles of a periodic repeated move- 
ment during the time interval of 1s 
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Frequently used multiples: 


millihertz | 
1mHz = 1073 Hz 


kilohertz 

1kHz = 10° Hz 
megahertz 

1 MHz = 10® Hz 
gigahertz 


1 GHz = 199 Hz 


(D) reciprocal metre ee 


Dynamic viscosity 


(D) newton-second 
per square metre [N-s/m2] =m—! kgs~! 


Kinematic viscosity 


square metre 


2 
m/s 
per second 


(D) 


B. THERMODYNAMIC, RADIOMETRIC 
AND PHOTOMETRIC UNITS 


Heat flux 


(D) watt 


Heat flux density 


ip) watt per 


Specific heat capacity 


(D) joule per J/kg - K 
kilogram-kelvin |[J/kg-K] =m? s~2 K7" 
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Thermal conductivity 


metre-kelvin [W/m-K] =m kg g3 71 


Thermal resistivity 


metre-kelvin 


iD per watt [m-K/W] = m=" kg! 59 


Thermal resistance (between two points of 
a given structure) 


(N) degree Celsius 
per watt [°C/W] =m~2 kg7' s? K 
Radiant flux 
PO are mtg 


Radiant flux density (irradiance) 


(D) square metre [W/m?] = kgs~? 


watt per | Wim? 


Radiant flux intensity 


watt per W/sr 


(D) steradian [W/sr] =m? kgs~2 


Luminous flux 


Ce eee 


11m =1cd-sr 


Illuminance 


1x = 1 Im/m? 


Luminance 


candela per 


C. ELECTRICAL AND MAGNETIC UNITS 


Electric potential, voltage 


0) wo 


[Vv] =m2 kgs 2 A 7! 


1 V is the voltage (or potential difference) 
between two points of a conductor con- 
ducting the current of 1 A if the power 
expended in this part of the conductor is 
1W 


Frequently used multiples: 


kilovolt 

1kV=10° V 
millivolt 

1mV= 107° V 
microvolt 

1uV =1078 Vv 


Electric charge 


1 C is the charge delivered by constant 
current of 1 Ain 1s 


The elementary electric charge (charge of 
proton) 


e = (1.60206 + 0.00003) x 10-'9c 


Electric flux density 


coulomb 
per 


(D) square 


metre 


Electric field intensity (strength) 


[Vm71] =mkgs~? AW! 


Electric field intensity (E) is related to 
electric flux density (D) by 


De, Eg E 
where 
e, is relative premittivity, [e,] = 1 


Eq = 8.85416 x 10-12 F/m 
is the permittivity of vacuum 


Capacitance 


( D) farad 


[F] =m~2 kg~'s* A? 


1 F is the capacitance of a capacitor which, 
being charged by the charge of 1 C, has the 
terminal voltage of 1 V 


Frequently used multiples: 


microfarad 

1 uF = 10-6 F 
nanofarad 

1nF=10-9F 
picofarad 

1pF = 107-1 F 
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Magnetic flux 


(D) weber [Two] = m2 kgs—2 Aq" 


1 Wb is the magnetic flux which, being 
linearly attenuated to zero in 1 s, induces 
in surrounding turn an emf of 1 V 


1 Wb = 1 Vs (voltsecond) | 


Magnetic flux density (magnetic induction) 


1 T is the magnetic flux density of a homo- 
genous magnetic field which acts by the 


force of 1 N per 1 m of a conductor con- 
ducting the current of 1A, if the field direc- 
tion is perpendicular to the axis of the con- 
ductor 


1 T=1 Wb/m2 


Magnetic field intensity (strength) 


Magnetic field intensity (H) is defined ac- 
cording to the 1st Maxwell equation by the 
curve integral 


Prat = a | 
C 


(D) ampere per metre 


where I is the sum of currents inside the 
closed curve, C, and dZ is the element of C. 
It is related to the magnetic flux density 
(B) by — 
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B= Uru H 
where 


yu, is the relative permeability, [u,] = 1 


Me = 1.25664 x 10-8 H/m 
is the permeability of vacuum 


Permeability and permittivity of vacuum are 
natural constants related together by 


c= ———  =2.99793 x 108 m/s 


which is the velocity of electromagnetic 
radiation in vacuum. 


Inductance 


[H] =m? kgs~2 A~2 

1 H is the inductance of a conductor in 
which is generated the counter emf of 1 V 
if the current in the conductor is linearly 
changed by 1 Ain 1s 


(D) henry 


Current density 


(D) ampere per square metre | Amé? | 


This unit is too small for practical use. 
Practical unit is ampere per square milli- 
metre | 


1 A/mm2 = 108 A/m2 


Resistance 
[Q] =m? kgs~? AW? 


1 {2 is the resistance of a conductor which, 
being connected to the voltage of 1 V, 
conducts the current of 1 A 


iV 
1A 


19 = 


The same unit is used for reactance and 
impedance. 


Frequently used multiples: 
megohm 
1MQ = 108 Q 
kiloohm 


1kQ=10° 2 


milliohm 
1mQ= 107° 2 


Resistivity 


>) oom 
metre [Qm] = m®? kg 5-3 A? | 


This unit is too large for practical use. 
Usually, the resistivity is measured and 
stated for the sample of a conductor which 
is 1 m long and has the cross-section of 
1 mm2. Therefore, the practical unit is 


1.Q mm2m—! = 1075 Qm = 1pQm 


which is called microohm-metre. For ex- 
ample, resistivity of copper is 


Resistance of a given conductor is then 
given by 

L 2 

R=p-— [8; 42m, m,mm 


Conductance 


Conductance is reciprocal of resistance: 


Electric power, reactive power, 
apparent power 


a) power (effective power) 


c) apparent power 


(D) voltampere 


The coherency of SI units and great prac- 
tical advantage of their use is best demon- 
strated in the following set of examples: 


a) Power, transmitted by rotating shaft, 
given as the product of torque T and 
angular velocity w 


P= Tw [W: Nm, rad/s] 


b) Centrifugal force acting on a body 
with the mass m which moves by the 
velocity v along a curved path with 
instantaneous radius r 


2 
F=m- [N; kg, m/s, m] 
c) Acceleration torque necessary to ac- 

celerate a rotating body with the mo- 
ment of inertia J by angular accelera- 
tion a 


T, =Ja [Nm; kg m2, rad/s2] 


d) Force acting on a_ current-carrying 
conductor in homogenous magnetic 
field perpendicular to conductor axis 
(1 = current in conductor, L = length 
of conductor, B = magnetic flux density) 


F=BLI [N: T, m, A] 
e) Voltage generated in conductor, moved 
in homogenous magnetic field _ per- 


pendicular to conductor axis 


E=BLv [V: T, m, m/s] 
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f) Voltage generated in a turn due to 
time change of magnetic flux 
e=— Pp [V; Wb, s] 

g) Voltage generated in the coil with an 


inductance L due to time change of 
the current in the coil 


di 


dt [V;H, A, s] 


vi=L 


h) Motor power loss expressed in terms 
of torque and angular velocity for 
Output and armature current and ter- 
minal DC voltage for input 


P, =P, -P, =1,V—Tw 
[W: A, V, Nm, rad/s] 


i) Amount of heat, developed in a resistor 
over a period of time 


W = RI@t [J;Q, A, s] 


A.2 UNITS’ CONVERSION FACTORS AND TABLES 
CONVERSION FACTORS 
Unless otherwise specified, the units oz and /6 in the following tables are units of force. 


1m = 39.370 in 
3.2808 ft 
1.0936 yd 


metre 


km kilometre 
ae cm centimetre 
= mm ~~ millimetre 
& | um — micrometre 
+ | nm naometre 
angstrom 
1 mi (statute mile) = 1609.344 m = 5280 ft 
1 m* = 1550.0 in 
10.764 ft? 
1 cm? = 0.155 in? 
m2 square metre 1 in? = 645.16 mm2 = 6.4516 cm2 
km2 square kilometre 6.9444 x 107° ft? 
im hectare 
= a are 1 km? = 100 ha 1ha =10* m?=100a 
cm2 square centimetre 104 a 2.471 acres 
mm? square millimetre 10® m2 
0.3861 mi2 0.01 ha 
2.59 km? 4046.9 m2 
1m? = 6.1024 x 104 in? 
m3 cubic metre 35.315 ft? 
fai dm? cubic decimetre 
= | ¢ litre (=dm3) 1 om? = 6.1024 x 1072 in? 
= m& millilitre (=em?) 1 in? = 16.387 cm? 
= cm? cubic centimetre 1 ft? = 1728 in? = 2.8317 x 1072 m? 


1m& = 0.0338 fl oz] 1 floz = 29.5737 m2 


cubic millimetre 


12 = 33.8 fl oz 1.8047 in? 
1.0567 qt 1 qt = 0.94636 2 


1 gal = 3.7854 2 I. 


0.26417 gal 
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metre per second 
mm/s millimetre per second 
kilometre per hour 


1 m/s = 29.370 in/s 
3.6 km/h 3.2808 ft/s 


LINEAR 
VELOCITY 


L 
= aS 1 m/s? =39.370 in/s2 
a9* one 1 in/s2 =2.54 x 10-2 m/s? 


1° = 60’ 

rad radian 3600” 
r revolution 

O angular degree 
angular minute 


angular second 


1.7453 x 1072 rad 
2.7778x 1073 ¢ 

1 r= 360° 
6.2832 rad = (27) rad 


1 rad/s = 0.15915 rps 


PLANE 
ANGLE 


9.5493 rom 
c ‘é rad/s radian per second 1 rpm = 107° krpm — 
= © |r/s (rps) revolution per 1.6667 x 1072 ros |1krpm= 
) C second 6 O/s 104.72 rad/s 
é S r/min (rpm) revolution per 0.10472 rad/s 
minute 1 rps = 60 rpm 
O/s angular degree per 360 9/s 


6.2832 rad/s 


1 rad/s? = 0.15915 r/s? 
9.5493 rpm/s 


second 


radian per 


‘es 5 square second 1 rpm/s = 10-3 krpm/s 
m= - r/s? revolution per 1.6667 x 1072 r/s? 
= cc square second 6 P/s2 
S 17 rom/s_ revolution per 0.10472 rad/s2 
< Oo minute per 
<{ second 1 r/s* = 60 rpm/s 


360 °/s2 
6.2832 rad/s2 


O/s2 angular degree per 
square second 
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1 kg = 10° g =10-%t 
35.274 oz (mass) 
2.2046 |b (mass) 
6.8522 x 1072 slug 


2 |kg kilogram 
= gram 1 Ib (mass) = 16 oz (mass) 
t tonne 0.45359 kg 
(metric ton) = 14.5939 kc 
1t=10° kg 1 short 
2204.6 Ib ton = 2000 Ib (mass) 
(mass) 907.185 kg 
1.1023 shortton 0.907185 t 
1N= 0.10197 kp 
0.22481 Ib 
newton 3.5969 oz 
kp kilopond 7.2330 poundals 
kgf (= kp) kilogram-force 9.80665 N 
© |p pond 2.2046 Ib 
r= gf (=p) gram-force 35.274 oz 
LL 


0.27801 N 
2.83495 x 1072 kp 
28.3495 p 

16 oz 
4.4482 N 
0.45359 kp 


1 poundal = 0.138255 N 


1 Pa=1.0197x10—-5 at [1 at=1 kp/cm2 


Pa pascal 


% |kPa _ kilopascal 1.45034x 10-4 98.0665 kPa 
or MPa megapascal Ib/in2 14.223 |b/in2 
i kp/cm2 kilopond per 1 kPa = 1.0197x10—2at}1 kp/mm? = 100 at 
Lu square centimetre 0.145034 9.80665 MPa 
5 [at — (=kp/cm?) technical ___Ib/in2 1422.3 Ib/in2 
rc | kp/mm2_kilopond per 145.034 Ib/in2 

2A. 


1 Ib/in? = 6.895 kPa = 0.07031 at 


square millimetre 
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1 Nm =0.10197 kpm 
| 0.73756 Ib-ft 
Nm — newton metre 8.85075 Ib-in 

| | 141.612 oz-in 


1.3887 x 10% oz-in 
7.2008 x 10-4 kpm 


1 lb-ft = 192 oz-in = 12 lb-in 
1.3558 Nm 


0.13825 kpm 

kg m2 kilogram-square 1 kg m2= 104 kg cm2 = 108 kg mm? = 10/7 gcm2 

metre 8.85075 Ib-in-s2 
kg cm2 kilogram-square 141.612 oz-in-s2 

centimetre 
kg mm2 kilogram-square 1 oz-in-s* = 6.25 x 1072 Ib-in-s 

millimetre 7.06155 x 1073 kg m2 

g cm2 gram-square 70.6155 kg cm2 

centimetre . 


TORQUE 


MOMENT 
OF 
INERTIA 


2.7778 x 10~/7 kWh 


joule 0.10197 kpm 
wattsecond 2.38846 x 107% kcal 
kilowatthour 9.4781 x 107% Btu 
_ kilopond metre | 1 kcal= 10° cal 
kilocalorie 4186.8 J 
(nutrition calorie) 1.1630 x 1073 kWh 
calorie 3.9683 Btu 
1 kWh = 3.6 x 108 J 
859.845 kcal 
3.4121 x 10° Btu 
1 Btu = 1055.06 J 
2.9307 x 1074 kWh 
0.251997 kcal 


ENERGY, WORK, AMOUNT OF HEAT 


A-16 


10-3 kW 
0.10197 kpm/s 

0.73756 Ib-ft/s 

1.3596 x 1073 hp (metric) 
1.3410 x 1073 hp (British) 
1 hp (British) = 550 Ib-ft/s 

745.7 W 

1.0139 hp (metric) 
1 hp (metric) = 75 kpm/s 
735.5 W 
0.98632 hp (British) 


P=Tw [W;Nm, rad/s] 
P=0.10472Tn_ [W;Nm, rpm] 
P = 7.3948 x 10-7 Tn [W;o0z-in, rpm] 


P~10-8 Th (hp; oz-in, rom] 


1W= 


W watt 

kW kilowatt 

kpm/s_ kilopond metre 
per second 


hp horse power (metric) 


expressed as product of 
torque and angular velocity 
(speed of rotation) 


OUTPUT 


TEMPERATURE|} POWER 
OF MOTOR 


magnitude of degrees 
1K=1°C=1.8 °F 
1 Wb=1 Vs 
108 Mx 
10° kilolines 
108 lines 
1 Mx = 1078 Wb 


K kelvin 
degree Celsius 


Wb weber 
Vs voltsecond 
maxwell 


MAGNETIC 
FLUX 


1 line = 


1T= 1 Wb/m2 
tesla 107 G 
gauss 104 lines/cm2 


6.4516 x 10° lines/in2 
= 0.1550G 
1.550 x 107° T 


1 A/m = 107-2 A/cm 
1.2566 x 1072 Oe 
2.54 x 10-2 A-turn/in 
10Oe= 79.577 A/m 

2.0213 A-turn/in 
1 A-turn/in = 39.370 A/m 
0.49474 Oe 


> 
Or 
= Y 
Fr 2 
=> W 
a 
7G) 
is 
=7 
LL. 


A/m ampere per metre 
oersted 


MAGNETIC FIELD 
INTENSITY 


1 Nm/A =0.10197 kpm/A 
141.612 oz-in/A 


1 kpm/A = 9.80665 Nm/A 
1.3887 x 10° oz-in/A 


TORQUE 
CONSTANT 


le 1 oz-in/A = 7.06155 x 10-3 Nm/A 

é 7.2008 x 10-4 kpm/A 

D VOLTAGE 1 V/krpm= 9.5493 x 10-3 V/rad s~ | 

Q CONSTANT 1 V/rad s~' = 104.72 V/krpm 

5 1Nm/rad s~' = 141.612 0z-in/rad s~' | 

5 104.72 Nm/krpm 

= DAMPING 1Nm/krpm = 141.612 0z-in/krpm 

us CONSTANT 9.5493 x 10-3 Nm/rad s~ 

oc VISCOUS 1 oz-in/rad s-'= 7.0615 x 10~? Nm/rad s~ ! 

ra DAMPING 104.72 oz-in/krpm 
FACTOR 1 oz-in/krpm = 7.0615 x 1073 Nm/krpm 


9.5493 x 107° oz-in/rad s~' 
0.14161 krpom/Nm 


7.0615 rpm/oz-in 


1 rpm/oz-in 


1 krpm/Nm 


SPEED REGULATION 
| CONSTANT 


POWER SPEED 


TORQUE 


[hp] 


[rad/s] 


[Nm] 


nm 
fo) “O ° 
Oorwown ¥¢— (9) N 


yi roron st mM a NOnon tT Mm AW NOrKoOn tT mM A 
2 \ 2 = oS 
\ 
\ 
\ 
\ 
\ 
— N 
oor NY lous a oos wos eot a 
“ oot a ood Sg eoent Fg Ow it a low + So 
oa ot 2 = io © 
\ 
\ 
\ 
a N 
° \ _ S ‘o 
NOrFondsd Mm A VN imoron ec m a OOnOMW dt Mm AN 


py rerow st m N a Pnorwown Fs Om NW 


S =) ° 


Example shown: 100 W = 1 Nm x 100 rad/s 


TORQUE-POWER-SPEED NOMOGRAPH 


A-19 


Ib-in2 


8.85075 | 5.46745 | 3.41716 
x104 x10 
gcm2 |] 1077 1.41612 | 8.85075 | 5.46745 | 3.41716 
| x107° x107/ x1073 x10~4 
7.06155 7.06155 | 1 6.25 386.088 | 24.1305 
x10~3 x 104 x107 2 
0.112985 | 1.12985 | 16 1 6.17741 | 386.088 
x109 x 103 
1.82901 182.901 | 2.59008 | 1 .61880 6.25 
x107° x1073 x10~4 x1072 
2.92641 2.92641 | 4.14413 | 2.59008 1 
x1074 x10° x1072 x1073 
lb-ft? 4.21403 4.21403 | 5.96755 | 0.372972] 2304 144 
x1072 x10° 


*units of mass 
Tab. A.1. Moment of inertia conversion factors 


23.7303 


2.37303 
x1076 


0.167573 


2.68117 


4.34028 
x1074 


6.94444 
x1073 


To convert from A to B, multiply by entry in table. 


Example: 1 kg m2 = 141.612 oz-in-s? 


A-20 


0 


0.101972 1.01972 | 141.612 | 8.85075 0.737562 
x 104 
kpm 9.80665 1 ) 1.38874 | 86.7962 7.23301 
(kg*-m) x 10° | 
g*-cm 9.80665 107° 1.38874 | 8.67962 7.23301 
x 107° x10-2 | x 1074 x 107° 
" 


1 
1 
oz-in 7.06155 7.20077 72.0077 6.25x 1072] 5.20833 
x 10-3 x 107 x 1073 
0.112985 | 1.15212 1.15212 | 16 1 8.33333 
x 10-2 x 10° x 10-2 


lb-ft 1.35582 0.138255 1.38255 | 192 12 1 
x 104 | 


*units of force 


Tab. A.2. Torque conversion factors 
To convert from A to B, multiply by entry in table. 


Example: 1 0oz-in = 7.06155 x 10-3 Nm 


A-21 


EXPLANATION TO TAB. A.1 AND A.2 
The British system of units has two forms: 
a) Technical (gravitational) system 
which is more common in engineering 


(and is also used in this book) and 
which is based on the following base 


units: 
15s . for time 
1 ft - for length 


1 Ib (force) - for force 


The derived unit of mass is then 1 s/ug, 
defined as a mass which is accelerated 
by 1 ft/s? upon application of a force 
of 1 Ib. 


b) Physical (absolute) system 


which is based on the following base 
units: 


1s - for time 
1 ft - for length 


1 Ib - for mass 


The derived unit of force is then 
1 poundal, a force which accelerates 
the mass of 1 Ib by 1 ft/s. 


The basic equation which relates accelera- 
tion torque T,, moment of inertia J and 


angular acceleration a has therefore two 


forms, depending on the system of units 
used: 


a) in the British technical system 
T,=Ja —_[oz-in; oz-in-s, rad/s] 
where oz is ihe unit of force, and 

b) in the British physical system 


T, =Ja [poundal-ft; Ib-ft?, rad/s] 


where /b is the unit of mass. 


The unit of torque, poundal-ft, is not com- 
mon and is not used in engineering practice 
but the moment of inertia, J, is sometimes 
given in units of Ib-ft2 (or, in related units, 
as Ib-in? or oz-in@) — even in technical 
literature. Therefore, in Tab. A.1 all 
necessary conversion factors are introduced. 


In British units of torque, which are intro- 
duced in Tab. A.2, the oz and /6 are units 
of force, according to technical form of the 
British system. 


As for the SI (metric) units in both tables, 
see the Appendix A.1. 


ec-V 


SPEED [rpm] 


OUTPUT POWER [W] 


50 60 80 100 | 120 140 160 200 | 250 300 400 500 | 600 800 £1000 1200 
1.43 1.91 | 2.39 2.86 


1.19 1.43 


200 

400 

600 

800 
1000 
1200 
1400 
1600 
1800 
2000 
2200 
2400 
2700 
3000 
3500 
4000 
4500 
5000 
5500 
6000 
6500 
7000 
7500 
8000 


t TORQUE { [mNm] 


Tab. A.3. Relationship of the speed, torque and output power of a motor (metric units) 


EASY REMINDER: 100W correspond approximately to 1 Nm at 1000 rpm 


ye-vV 


850 

1140 
1200 
1425 
1600 
1725 
1800 
2000 
2200 
2400 
2600 
2800 
3000 
3200 
3450 
3600 
3800 
4000 
4500 
5000 
5500 
6000 
6500 
7000 


| OUTPUT POWER [hp] 
| 175 1/60 1/50 1/40 |1/35 1/30 1/25 1/20 | 1/15 1/12 1/10 mye va ve ve 3/4 


OS SL TS 


bo | | | | | | | ae [oz-in] | | | 


Tab. A.4. Relationship of the speed, torque and output power of a motor (British units) 


Electro-Cratt Corporation Products 


Electro-Craft began the development of 
high quality DC motors, speed controls and 
servo systems in 1960. Today, we manu- 
facture a broad range of speed, position 
and motion control devices for all types 
of industry applications. 


In the following pages, you will find a 
catalog of the wide variety of products 
designed and manufactured by Electro-. 
Craft. The products detailed in this section 
are standard Electro-Craft designs and are 
manufactured regularly in one or more of 
our four factories. 


They are the products of over 20 years 
of precision motion control experience. 
Experience not simply in motor design, 
but in total motion, position and speed 
control devices. Unlike some suppliers, all 
Electro-Craft products are developed by 


Our engineering staff and manufactured, 
under .rigid quality control, in our own 
facilities. That means that we have an 
in-depth understanding of both the com- 
ponent parts and of complete systems. 
All products which may be combined are 
cross-referenced accordingly and the _ in- 
dividual products are detailed with charts 
demonstrating their performance both in 
system and alone. 


We have found that the particular speed, 
position and motion control criteria of our 
customers can require performance and 
hardware specifications not available on 
our standard products. If, in attempting 
to match your design criteria to a standard 
Electro-Craft design, you cannot find 
precisely what you are looking for, all of 
the products contained in this section may 
be modified to suit your needs. 


DC Servomotors 


Automation and the need for precisely 
controlled speed and torque have brought 
about a renewed interest in the use of DC 
motors. Over the years, Electro-Craft has 
developed a broad line of sophisticated 
servomotors and motor-tachometers — 
each incorporating the most advanced 
design technology available — for a wide 
range of applications. 


In the following section, you will find 
detailed specifications and performance 
data on the complete Electro-Craft motor 
line. In the main, these products may be 
ordered for immediate application simply 
by specifying the model number and 
quantity needed. 


Should you require a motor whose charac- 
teristics vary slightly from an Electro-Craft 
standard design, our Applications Engi- 
neering Department can help you with a 


modified design. All standard products — 
both moving coil and iron core motors — 
may be equipped with modified windings, 
filters, custom casting and other minor 
changes you need to fit our product to 
yours. In some cases, your application 
requirements may require a unique product, 
a custom design. Electro-Craft engineers 
draw upon two decades of design experience 
and can equip you with precisely the motor 
application demands. 


Electro-Craft has a complete line of standard 
DC servomotors and motor-tachometers. 
Theyare available from stock at Electro-Craft 
or any of our eight stocking distributors 
throughout Europe and Japan. 


E-400 


The E-400 is a high performance permanent 
magnet servomotor which combines many of the 
characteristics of a “torque” motor with those 

of a low-inertia moving coil type. The motor has 
excellent regulation and low inherent ripple torque. 


HOW TO ORDER 


To order, you must supply sales model number. Order codes are shown below in color 


- —/140 — = 
motor winding tach winding for special 
+ 7 28 
ui “es o ms oo 2 v 
pa 3 qu O +1 3) 8 = = 
pe 0 BY BOSS 8 CEOS 
fo 0 BRsC“<C‘aN EH OER CRS 
ie) oO oc re Ned om wa ON 
oe O o£ * o% ate 
io)) © o Y el ce) o o = © 
Cc ier Da cweoc 2c aS 
: Ic oH = = = rol 
re) oF bs So Et © = ' © 
E < N = E£osE EE KEE 
= ro >2 2O0+s ¢2 si8 
6.07 4.49 64 1.60 40 
7.59 5.61 1.02 2.32 31 Peak torque (oz. in.) 240 
Max. rated continuous torque at stall (oz. in.) 32.0 
962 7.11 163 386 25 ee igang \ 
Armature inertia (oz. in. sec.“ .0033 
12.14 8.98 2.58 5.28 20 Damping factor (oz. in./KRPM) 1.0 


Thermal resistance (°9C./watt) 4.0 
(Armature-to-ambient) 
19.22 14.21 6.45 12.64 12.5 Electrical time constant (msec) 1.90 
Mechanical time constant (msec) 8.2 
24.03 12.97 10.30 19.95 10 Motorweleht 3 Ih. 8 oz: 
30.35 22.44 15.43 31.60 8 Static Friction Torque 3.0 oz. in. 


18.17 11.22 4.10 8.17 16 


3.541 REF +.000 


3.25 DIA REF 
.13 


+ 
on 


#20 AWG, 1 BLACK 
‘ 1 RED, X 24” LG MIN 


SERIES MOTOR RATINGS 


Maximum rated armature temperature 155°C 
Rated brush life 5,000 hours @ 1 KRPM 
Maximum friction torque 7 oz. in. 
Maximum shaft radial load 30 Ib., 

1 in. from front bearing continuous 


SPEED (KRPM) 


DIA 


8-32 UNC-2B, (4) EQ SP 
ON A 3.656 DIA B.C. 


- 


ea 4.00 DIA REF 
T \e 


CONSTRUCTION FEATURES 


Winding insulation Class F 

ABEC Class 1 ball bearings 

PVC lead insulation 

Totally enclosed housing 

Available option: 

Integrally mounted optical encoder (see pp. 40-45) 
NEMA 42CZ mounting face 


RMS OUTPUT TORQUE (OZ. IN.) 
V = Terminal Voltage 


The S.0.A.C. line represents the safe operating area, continuous with unit mounted on 10’’x10"'x1/4"" Heat Sink. 


E-508/E-512 


The E-508/E-512 series is a moderate cost of 
FHP D.C. permanent magnet motors designed 
for a broad range of industrial applications, such 
as tape transport reel drives or position control 
systems. Reliability and long life have been 
designed into these motors by the use of corrosion- 
resistant shaft and housing materials and 
permanently lubricated ball bearings. Pictured at 
the right is the E-508 and the longer E-512. 


HOW TO ORDER MODEL 


Peak torque (oz. in.) 62 
To order, you must supply sales model number. Max. rated continuous torque at stall (oz. in.) 10 
Order codes are shown below in color Armature inertia (oz. in. sec.2) .0015 
Damping factor (oz. in./KRPM) .1 
_ - Thermal resistance (°C./watt) 6.84 
motor model motor winding for special (Armature-to-ambient) 

Electrical time constant (msec) .90 

Mechanical time constant (msec) 29 

Motor weight 1 lb. 2 oz. 


e. ce ~ ° Static friction torque 3 oz. in. 
= == €., 9 & &8 
° ose | & = 
£8 e+ So5e 28 ee MODEL 
oO = 5 rr = ‘ 
+ as 2p v ke 2a Oak Peak torque 9(oz. in.) 140 
6 e he rc ra - E ® a = gs = Max. rated continuous torque at stall (oz. in.) 19 
D ra o ¥ O95 5G = ae Armature inertia (oz. in. sec.2) .0038 
c 5 8 DG = 2O £ - < as 2 : 
i} af gS + So ES c= XE e Damping factor (oz. in./KRPM) .1 
£ oN os E592 * cs Se o Thermal resistance (°C./watt) 5.0 
= b iS) > 2 Ss Oo a £ {= 2-0 j 
mc = ts eeaai (Armature-to-ambient) 
Electrical time constant (msec) 2.06 
2.60 1.92 85 1.13 24 Mechanical time constant (msec) 24.7 
3.28 2.42 1.34 1.57 19 Motor weight 1 lb. 8 oz. 
4.13 3.05 Z.12 2.28 15 Static friction torque 3 oz. in. 
5.20 3.84 3.36 3.40 tz 


MODEL 
Peak torque (oz. in.) 208 


7.41 5.48 1.99 4.92 19 Max. rated continuous torque at stall (oz. in.) 25 
9.34 6.91 3.15 7.31 15 Armature inertia (oz. in. sec?) .0062 
11.76 8.70 4.99 11.10 12 Damping factor (oz. in./KRPM) .2 
Thermal resistance (°C./watt) 4.18 
8 68 6.42 1.64 5 65 94 cn | , 
: ; Electrical time constant (msec) 2.77 
a an co A yell He Mechanical time constant (msec) 24 


Motor weight 2 lb. 8 oz. 
Static friction torque 3 oz. in. 


+.0000 
2500 “ho OIA —— [- .235+.001 FLAT 


£508-3,000 REF ».000 
2.9 REF E510-4,000 REF 1.000 * ‘G95 DIA 
£512-5,000 REF . 


6-32UNC-2B, (4) EQ SP 


2.00 DIA REF ON A 1.531 DIA. B.C. 


88 FULL DEPTH 


| es #20 AWG, 1 BLACK, 
1 RED, X 18” LG MIN 


SHAFT RUNOUT .001 IN,/IN, 


SERIES MOTOR RATINGS CONSTRUCTION FEATURES 
Maximum rated armature temperature 155°C Winding insulation Class F 
Maximum no load speed 6 KRPM ABEC Class 1 ball bearings 
Rated brush life 5,000 hours @ 1 KRPM PVC lead insulation 
Maximum friction torque 3 oz. in. Totally enclosed housing 
Maximum shaft radial load 10 Ibs., Available options: 
0.5 in. from front bearing continuous Integrally mounted tachometer (see pp. 60-61) 
for a minimum of 1,000 hours Integrally mounted optical encoder (see pp. 40-45) 


SPEED TORQUE CURVES 
MODEL 508 MODEL 510 MODEL 512 


MOTOR SPEED (KRPM) 


15.20 25 30 15 


TORQUE (OZ.-| N.) VT = Terminal Voltage 


The S.O.A.C. line represents the safe operating area, continuous with unit mounted on 10’x10"x’4" heat sink. 


E-530/E-532 


The E-530/E-532 series incorporates the inherent 
low ripple, low inertia, and long life characteris- 
tics of a moving coil tachometer in an economical 


motor-tach package. 


HOW TO ORDER 


To order you must supply sales model number. 
Order codes are shown below in color. 


motor-tach type motor winding tach winding for Special 
pn Bis x . 
ee ~ S 8 : 2 : c 
>» == §&# §&o5§ § & 
= £ + is Boe & i 3 
— 7) = ” 2 DQ me n O 
ie) ca ca oN EY = 6 
& O€ 6 creer a ® 
s a" eX 9293 55 5 
3 36 s2 sete 8E * 
5 EA 39 E£oE EE & 
S - 2 >So ia qZ 
10.02 7.41 1.24 3.39 
12.63 9.34 1.99 4.92 
15.91 11.76 3.15 Taal 
20.04 14.82 4.99 11.10 
11.77 8.70 1.44 4.53 
14.83 10.96 2d | 6.67 
18.69 13.81 3.66 9.99 


23.54 17.40 5.81 15.28 


14.81 10.95 1.64 5.65 24 


18.66 13.80 2.64 8.41 
23.51 17.38 4.18 12.68 
29.63 21.90 6.63 19.47 


(Amps) (to avoid 
demagnetization) 


MODEL 


Peak torque (oz. in.) 240 

Max. rated continuous torque at stall (oz. in.) 29 

Armature intertia (including tach) (oz. in. sec?) .0039 

Damping factor (oz. in./KRPM) .1 

Thermal resistance (°C/watt) 5.0 
(Armature-to-ambient) 

Electrical time constant (msec) 2.06 

Mechanical time constant (msec) 8.8 

Motor weight 2 |b. 1 oz. 

Static Friction Torque 3 02z. in. 


MODEL 

Peak torque (oz. in.) 282 

Max. rated continuous torque at stall (oz. in.) 38 

Armature inertia (including tach) (oz. in. sec.2) .0051 

Damping factor (oz. in./KRPM) .15 

Thermal resistance (°C./watt) 4.60 
(Armature-to-ambient) 

Electrical time constant (msec) 2.46 

Mechanical time constant (msec) 9.4 

Motor weight 2 lb. 8 oz. 

Static Friction Torque 3 0z. in. 


MODEL 


Peak torque (oz. in.) 355 

Max. rated continuous torque at stall (oz. in.) 50 

Armature inertia (including tach) (oz. in. sec?) .0063 

Damping factor (oz. in./KRPM) .2 

Thermal resistance (°C./watt) 4.18 
(Armature-to-ambient) 

Electrical time constant (msec) 2.77 

Motor weight 3 lb. 0 oz. 

Static Friction Torque 3 oz. in. 


+ .0000 


.2500 * “ho99 DIA. 


E-530 - 3.89 REF. 
Spee 235 + .001 FLAT 
E-532 - 4.89 REF. 1.000 * nee DIA. 


£88 FULL DEPTH 


6-32 UNC-2B (4) EQ 
SP ON A 1.531 DIA, B.C, 


2.431 REF. 
1.375 DIA. REF. 
2.9 REF. 
= 
LE 
] w 


i] 


ee #22 AWG, 1 

RED, 1 BLK 

SHIELDED CABLE 
X 18” LG MIN. 


fal LL .10 


OO +. 
2.00 DIA. REF. 1.00 + .03 


2.25 DIA. REF. 


#20 AWG, 1 RED, 1 BLK, 
X 18” LG MIN 


SERIES MOTOR RATINGS 

Maximum rated armature temperature 155°C 
Maximum no load speed 6 KRPM 

Rated brush life 5,000 hours @ 1 KRPM 
Maximum friction torque 3 oz. in. 


TACHOMETER WINDING VARIATIONS 


Winding Constants 


Output Voltage Gradient 3.0 2.5 
Maximum shaft radial load 10 Ibs. (Volts/K RPM) 
0.5 in. from front bearing continuous for Armature Resistance (ohms) 160 160 
a minimum of 1,000 hours 
Armature Inductance (mhy) 4 4 
CONS U N FE U 
nd TH whdeel ATURES Optimum Load Impedance 10,000 10,000 
Winding insulation Class F (ohms) 


ABEC Class 1 ball bearings 

PVC lead insulation 

Totally enclosed housing 

Available options: 

Integrally mounted tachometer (see pp. 58-59) 
Integrally mounted optical encoder (see pp. 40-45) 


(See pp. 54-61 for more detailed tachometer information) 


SPEED TORQUE CURVES 


MODEL E-530 MODEL E-531 


MODEL E-532 


o 


oO 


> 


et | tt 


int: 


Ww 


MOTOR SPEED (KRPM) 


i 


10 20 30 40 50 60 10 20 30 40 50 60 


RMS TORQUE (O2-IN) 
VT=Terminal Voltage 


The S.O.A.C. line represents the safe operating area, continuous with unit mounted on 10°'x10"x%"’ heat sink. 


E-540/E-542 


The E-540/E-542 series of FHP D.C. permanent 
magnet motors is derived from the E-508/E-512 
series with increased output performance resulting 


from an enhanced magnetic circuit. This increased 


performance has substantially added to the cost 
effectiveness and versatility of these motors used 
in a variety of applications in professional and 
industrial products. 


HOW TO ORDER 


To order, you must supply sales model number. 


Order codes are shown below in color 


motor model 


10 


|Winding 


Torque Constant (K+) 
(oz.in./amp + 10% 


motor winding 


Voltage Constant (Ke) 
(Volts/K RPM) + 10% 


for special 
4 
re) © 
o- <3 ¢ 
e +1 2 5 
eoee 3. 
sieg £8 
9°65 © § 
Eeos ees 
fe af = i 
sO+s ¢2 
1.24 3.39 
1.99 4.92 
3.15 ree 
4.99 11.18 
1.44 4.53 
rR 6.67 
3.66 9.99 
5.81 15.28 
1.64 5.65 
2.64 8.41 
4.18 12.68 
6.03 19.47 


Max. Pulse Current 


(Amps) (to avoid 
demagnetization) 


MODEL 


Peak torque (oz. in.) 240 

Max. rated continuous torque at stall (oz. in.) 29 

Armature inertia (oz. in. sec.2) .0038 

Damping factor (oz.in./KRPM) .1 

Thermal resistance (°C./watt) 5.0 
(Armature-to-ambient) 

Electrical time constant (msec) 2.06 

Mechanical time constant (msec) 8.8 

Motor weight 2 |b. 1 oz. 

Static Friction Torque 3 02z. in. 


MODEL 


Peak torque (oz. in.) 282 

Max. rated continuous torque at stall (oz. in.) 38 

Armature inertia (oz. in. sec.2) .005 

Damping factor (oz. in./KRPM) .15 

Thermal resistance (°C./watt) 4.60 
(Armature-to-ambient) 

Electrical time constant (msec) 2.46 

Mechanical time constant (msec) 9.4 

Motor weight 2 lb. 8 oz. 

Static Friction Torque 3 oz. in. 


MODEL 


Peak torque (oz. in.) 355 

Max. rated continuous torque at stall (oz. in.) 50 

Armature inertia (oz. in. sec2) .0062 

Damping factor (oz. in./KPRM) .2 

Thermal resistance (°C./watt) 4.18 
(Armature-to-ambient) 

Electrical time constant (msec) 2.77 

Mechanical time constant (msec) 8.2 

Motor weight 3 lb. 0 oz. 

Static Friction Torque 3 oz. in. 


2000 — 0005." 235 + .001 FLAT 
£540-4.000 REF oaea 
2.9 REF £541-4,.500 REF 
£542.5.000 REF 0 1.0007 ‘900 DIA 
2.00 DIA REF (2) = oa 


6-32UNC-2B, (4) EQ SP 


88 FULL DEPTH ON A 1.531 DIA B.C. 


( | f IN #20 AWG, 1 BLACK 
1 RED X 18” LG MIN 


SHAFT RUNOUT .001 IN./IN, 


SERIES MOTOR RATINGS CONSTRUCTION FEATURES 
Maximum rated armature temperature 155°C Winding insulation Class F 
Maximum no load speed 6 KRPM ABEC Class 1 ball bearings 
Rated brush life 5,000 hours @ 1 KRPM PVC lead insulation 
Maximum friction torque 3 oz. in. Totally enclosed housing 
Maximum shaft radial load 10 Ibs., Available options: 
0.5 in. from front bearing continuous Integrally mounted tachometer (pp. 60-61) 


for a minimum of 1,000 hours Integrally mounted optical encoder (see pp. 40-45) 


SPEED TORQUE CURVES 
MODEL E-540 MODEL E-541 MODEL E-542 


MOTOR SPEED (KRPM) 


10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 8660 


RMS TORQUE (0Z-IN) 
VT=Terminal Voltage 
The S.0.A.C. line represents the safe operating area, continuous with unit mounted on 10’’x10°’x%” heat sink. 
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E-586/E-588 


The E-586/E-588 series offers the performance 
and cost advantages of an integral motor/ta- 
chometer. This unit is used in a wide range of 
velocity and position controls. 


HOW TO ORDER 


To order you must supply sales model number. 
Order codes are shown below in color. 


motor-tach type 


motor winding 


tach winding for Special 
any = SS 
e a xg o : e : i 
e= = + SI is - - s 5 =e 
f $4 $5 8253 2, 68 
= fe g2 $88 #2 G25 
S oS o ¥ 2 Of 5 6 Za = 
5 2. sf 3692 sf “a8 
5 5 i 32 EEO - ES SEE 
a © S= soo f <F ZO 
10.02 7.41 1.24 3.39 24 
12.63 9.34 1.99 4.92 19 
15.91 11.76 3.15 J 15 
20.04 14.82 4.99 11.10 12 
11.77 8.70 1.44 4.53 24 
14.83 10.96 Zug 6.67 19 
18.69 13.81 3.66 9.99 15 
23.54 17.40 5.81 15.28 iz 
14.81 10.95 1.64 5.65 24 
18.66 13.80 2.64 8.41 19 
23.51 17.38 4.18 12.68 15 
29.63 21.90 6.63 19.47 12 
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MODEL 


Peak torque (oz. in.) 240 

Max. rated continuous torque at stall (oz. in.) 29 

Armature inertia (including tach) (oz. in.sec2) .0052 

Damping factor (oz.in./KRPM) .1 

Thermal resistance (°9C./watt) 5.0 
(Armature-to-ambient) 

Electrical time constant (msec) 2.06 

Mechanical time constant (msec) 8.8 

Motor weight 2 |b. 1 oz. 

Static Friction Torque 3 oz. in. 


MODEL 


Peak torque (oz. in.) 282 

Max. rated continuous torque at stall (oz. in.) 38 

Armature inertia (including tach) (oz. in. sec.2) .0064 

Damping factor (oz. in./KRPM) .15 

Thermal resistance (°9C./watt) 4.60 
(Armature-to-ambient) 

Electrical time constant (msec) 2.46 

Mechanical time constant (msec) 9.4 

Motor weight 2 lb. 8 oz. 

Static Friction Torque 3 oz. in. 


MODEL 


Peak torque (oz. in.) 355 

Max. rated continuous torque at stall (oz. in.) 50 

Armature inertia (including tach) (oz. in. sec?) .0078 

Damping factor (oz. in/KRPM) .2 

Thermal resistance (°C./watt) 4.18 
(Armature-to-ambient) 

Electrical time constant (msec) 2.77 

Mechanical time constant (msec) 8.2 

Motor weight 3 Ib. 0 oz. 

Static Friction Torque 3 02z. in. 


+ 000 
E-586 - 5.600 REF. 1,000 _ ‘92 DIA. 


002 

E.587 - 6,100 REF. 

E-588 - 6.600 REF. 

2500 * -CO00 DIA, 
. 1A. 
a 6-32 UNC-2B 
(4) EQ. SP. ON A 
? . / 1831 DIA. B.C. 
ieee iy oy Ase 


2.00 DIA REF (2) 


2.9 REF. 


#20 AWG 

1 BLACK, 1 RED (MOTOR) 
1 WHITE, 1 GREEN (TACH.) 
X 18" LONG MIN. 


SERIES MOTOR RATINGS TACHOMETER WINDING VARIATIONS 
Maximum rated armature temperature 1 55°C Winding Constants 

Maximum no load speed 6 KRPM , 

Rated brush life 5,000 hours @ 1 KRPM Output Voltage Gradient 3.0 7.0 14.2 21 


(Volts/K RPM) 

Armature Resistance (ohms) 570 570 720 950 
(includes temperature 
compensation network) 


Maximum friction torque 3 oz. in. 
Maximum shaft radial load 10 Ibs. 
0.5 in. from front bearing continuous for 
a minimum of 1,000 hours 


Armature Inductance (mhy) 6.2 33 138 255 
CONSTRUCTION FEATURES Optimum Load Impedance 5,000 5,000 5,000 10,000 
(ohms) 


Winding insulation Class F ’ , ’ 
ABEC Class 1 ball bearings (See pp. 60-61 for more detailed tachometer information) 


PVC lead insulation 
Totally enclosed housing 


Integrally mounted optical encoder (see pp. 40-45) 


SPEED TORQUE CURVES 
MODEL E-586 MODEL E-587 MODEL E-588 


MOTOR SPEED (KRPM) 


10 20 30 40 50 60 10 20 30 40 50 60 


RMS TORQUE (OZ-IN) 
VT=Terminal Voltage 


The S.O.A.C. line represents the safe operating area, continuous with unit mounted on 10°x10"x*%" heat sink. 
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E-660/E-670 


The Model E-660/E-670 series permanent magnet 
DC motors are designed to provide high cost 
effectiveness in a variety of professional and 
industrial equipment. Applications include direct 
drive for reel motors in tape transports, web 
handling systems and material handling systems. 


HOW TO ORDER 


To order, you must supply sales model number. Order codes are shown below in color 


motor model motor winding * tach model tach winding for special 
*Available tachometer: E-596, M-110. For tachometer specifications see pp, 58-61. 


= c i 9 
v x s © a ~ ro Pir MODEL 
2k ei, e#.2 8&8 SUG | 
co so 8955 g EO 6 Peak torque (oz. in.) 679 
= ca Sats es O%% Max. rated continuous torque at stall (oz. in.) 120 
OF 6 « crit ot ges Armature inertia (oz. in. sec.2) .032 
Os v oo O= = fe 3 . F 
2 _- & > EGos 22 a86 Damping factor (oz. in./KRPM) .68 
z ae <6 EEs E c= X EE Thermal resistance (°C./watt) 2.8 
= ans) >2 ess q2 sig (Armature-to-ambient) 
-_ Electrical time constant (msec) 3.7 
a as trea a oer 7. Mechanical time constant (msec) 11.6 
21.53 15,93 85 3.87 32 Motor weight 6 Ib. 2 oz. 
27.138 20.07 1.34 5.71 25 
oc ae ar 
53.42 39.50 5.36 20.57 13 MODEL 
e440 6241 1346 «5084 Peak torque (oz. in.) 903 
Max. rated continuous torque at stall (oz. in.) 165 
a by ne a 7 Armature inertia (oz. in. sec.2) .05 
28.90 21.37 1.00 5.52 31 Damping factor (oz. in./KRPM) 1.0 
36.42 26.93 1.59 8.21 25 Thermal resistance (9C./watt) 2.1 
45.89 33.93 2.54 12.61 20 (Armature-to-ambient) 
7 ee ye ue a he i Electrical time constant (msec) 4.6 
90.31 66.78 10.11 47.44 10 Mechanical time constant (msec) 11.2 
113.24 83.74 15.90 74.07 8 Motor weight 8 Ib. 6 oz. 


14 


3.6 REF 


3.12 DIA REF 


OPTIONAL 
TACHOMETER 


SHAFT RUNOUT .001 IN./IN. 
SHAFT RUNOUT TO MOUNTING SURFACE .005 


SERIES MOTOR RATINGS 


Maximum rated armature temperature 155°C 
Rated brush life 5,000 hours @ 1 KRPM 
Maximum friction torque 7 oz. in. 
Maximum shaft radial load 30 Ib., 

1 in. from front bearing continuous 


MODEL E-660 


MOTOR SPEED (KRPM) 


The S.0.A.C. line represents the safe 


| #16 AWG. 1 BLACK 


E660-5.427 REF 
E670-6.627 REF 


10-32 UNF-2B (4) EQ SP 
ON A 2.500 DIA. B.C. 


3,25 DIA REF 


a 


1 RED, X 24" LG MIN 


CONSTRUCTION FEATURES 


Winding insulation Class F 
ABEC Class 1 ball bearings 
PVC lead insulation 
Totally enclosed housing 


Integrally mounted optical encoder (see pp. 40-45) 
NEMA 42CZ mounting face 


SPEED TORQUE CURVES 


RMS OUTPUT TORQUE (OZ. IN.) 


V = Terminal Voltage 
Operating area, continuous with unit mounted on 12''x12"x1/2"' Heat Sink. 
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E-701/E-703 


The E-701/E-703 series permanent magnet D.C. 
motors are designed to be used in a broad range 
of industrial servo applications where high torque 
output at low speeds, or high pulse torque output 
is particularly useful. Applications include direct 
drive for reel motors in tape transports and web 
handling systems, material handing systems and 
machine tool drives. Shown in the photos are 
the standard square flange (above) end cap and 
the optional “in line’ round end cap. 


HOW TO ORDER 


To order, you must supply sales model number. Order codes are shown below in color 


motor model motor winding *tach. model tach. winding 


for special 


“Available tachometer: E-596, E-796, M-110. For tachometer specifications see pp. 58-63. 


oN 
ey =@82 #353 & # 
ay ae = +/ © 
eo © + 50 Re o oo 
oo £ So ef 3 . ° 
ord = To 2 2 
a ti 22 oO wie cw O ® 
5 2 6 & 2s £5 =-2 ° 
° oc fe cl = % > 
o€& O o Ce 2 as 
D & wo ¥ OD 9% 5 60 Sim 
£ = oo cCcume Po a % 
se) ee = vEre _£= ; 
¢ ES — © clo = x £ 
5 88 S$ s6$5 £35 #2 
= ps S2> 3028 <2 $8 
10.43 Fal | 13 ws V2 
20.39 15.08 68 2:17 37 


32.62 24.12 1.24 3.91 23 
40.77 30.15 2.60 7.48 18 


18.97 14.03 mM 1.46 71 
a7. 12 27.45 .68 3.75 36 
59.40 42.92 1.65 8.61 23 
74.25 54.90 2.58 12.83 18 


27.99 20.70 22 2.20 31 
54.77 40.50 85 6.00 37 
87.64 64.80 2.06 13.90 23 
109.50 81.00 3.22 20.80 18 


16 


demagnetization) 


MODEL 701 


Peak torque (oz. in.) 750 

Max. rated continuous torque at stall (oz. in.) 150 

Armature inertia (oz. in. sec.2) .10 

Damping factor (oz.in./KRPM) 5 

Thermal resistance (°C./watt) 2.2 
(Armature-to-ambient) 

Electrical time constant (msec) 2.6 

Mechanical time constant (msec) 36.3 

Motor weight 6 Ib. 10 oz. 


MODEL 702 


Peak torque (oz. in.) 1350 

Max. rated continuous torque at stall (oz. in.) 300 

Armature inertia (oz. in. sec.2) .15 

Damping factor (oz. in./KRPM) 7 

Thermal resistance (°C./watt) 1.6 
(Armature-to-ambient) 

Electrical time constant (msec) 4.5 

Mechanical time constant (msec) 19.1 

Motor weight 8 Ib. 5 oz. 


MODEL 703 


Peak torque (oz. in.) 2000 

Max. rated continuous torque at stall (oz. in.) 410 

Armature inertia (oz. in. sec?) .20 

Damping factor (oz. in./KPRM) 10 

Thermal resistance (°C./watt) 1.3 
(Armature-to-ambient) 

Electrical time constant (msec) 6.0 

Mechanical time constant (msec) 13.3 

Motor weight 11 Ib. 0 oz. 


3/8-16 UNC-28 THAU (4) 
£0. SPACED ON A 5.875 DIA. BC 


SERIES MOTOR RATINGS 


Maximum rated armature temperature 155°C 
Rated brush life 5,000 hours @ 1 KRPM 
Maximum friction torque 15 oz. in. 
Maximum shaft radial load 30 Ib., 

1 in. from front bearing continuous 


MODEL E-701 


MOTOR SPEED (RPM) 


OPTIONAL NEMA 56C 
ADAPTER INSTALLED 


£.701.4.810 REF 
J €.702-5.810 REF 
E 703.6810 REF 


1/420 UNC 2B x 38 MIN, DEPTH (4) 
EQUALLY SPACED ON A325 DIA BC OPTIONAL 


TACHOMETER 


CONSTRUCTION FEATURES 


Winding insulation Class F 
ABEC Class 1 ball bearings 
PVC lead insulation 
Totally enclosed housing 


Integrally mounted optical encoder (see pp. 40-45) 
NEMA 46C mounting face 


SPEED TORQUE CURVES 
MODEL E-702 MODEL E-703 


200 300 400 100 200 300 400 500 


RMS OUTPUT TORQUE (OZ-IN) 
V=Terminal Voltage 


The S.0O.A.C. line represents the safe operating area, continuous with unit mounted on 12” x12”’x1/2 Heat Sink. 
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E-5260 


The E-5260 motor represents a new concept in 
DC servomotors. In applications requiring low 
torque at high speed and high torque at low speed 
the savings in amplifier costs can be very large. 
The back emf, or Ke, can be varied by over 3:1 
by use of a small bias field winding power supply. 


HOW TO ORDER 


To order, you must supply sales model number. Order codes are shown below in color 


tach model tach winding for special 


* Available tachometers: E-596, E-796, M-110. For tachometer specifications see pp. 58-63. 


SPEED (KRPM) 


RELATIONSHIP BETWEEN FLUX BIAS CURRENT 
AND TORQUE CONSTANT 


0.8 0.70.6 0.5 0.4 0.3 -0.2 0.1 0 +0.1+0.2 +0.3 +0.4 +05 +06 +0.7 +0.8 
RMS OUTPUT TORQUE (O2Z-IN) FLUX BIAS FIELD CURRENT (A) 


_-—$____| 
LOWSPEED (HIGH oo 
OPERATING MopE| 
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3.65 DIA. REF. 


1.25 DIA. REF. 9.725 
4.40 DIA, REF.— 4.120 sibel 


V2, 
+) 


DIA B.C. 
#12 AWG. 1 BLK #20 AWG. 1 BLUE 
1 RED X 22” LG MIN. 1 YELLOW X 22” LG MIN 


MODEL E-5260 THERMAL DATA 


1. MOTOR MOUNTED ON 
12 X 12 X 1/2” HEAT SINK 
2. MAXIMUM ARMATURE 
TEMPERATURE — 155 °C. 


0 4 8 12 16 20 1°02 03 04 05 06 07 08 09 1 
INLET PRESSURE [IN H90] THERMAL RESISTANCE [°C/W] 


50> Ak 
airs +. .38 DIA (4) 


NOMINAL SPECIFICATIONS AT 25°C 


Parameter Value Units Parameter 
Torque Constant K+ Armature Inductance 
Low Speed Drive 50 a in./A Armature Moment of Inertia 
High Speed Slew 14.4 oz. in/A —— 
Flux Bias Field Voltage 
Voltage Constant K . 
Low Speed Drive 37 V/krom Flux Bias Field Current 
High Speed Slew 10.6 V/krpm Full Load Torque (Uncooled) 
Armature Resistance 8 §2 Maximum Armature Temperature 


€30-1/E30-2 


The E30-1/E30-2 series permanent magnet DC 
motors are designed to be used in a broad range 
of industrial servo applications where high 
torque output at low speeds, or high pulse torque 
is particularly useful. Applications include axis 
drives for lathes, mills, machining centers and 
high speed winders. Shown in the photo is the 
standard square NEMA 56C flange. 


HOW TO ORDER 


To order, you must supply sales model number. Order codes are shown below in color 


motor model motor winding *tach. model for special 


* Available tachometer: E-796. For tachometer specifications see pp. 62-63, 


w ® MODEL 
=6 €65 @ = ~ | 
ea eh Sh 2 8 eae Peak torque (in. Ibs.) 300 
& § Ss 2° 9 % 3 ” F ss Max. rated continuous torque at stall (in. Ibs.) 35 
62 St eves =& 9 2 S 3 Armature inertia (oz. in. sec.2) .25 
e Se eX 9268 58 B52 B_ Damping factor (in. Ibs./KRPM) .5 
t: o ER eS CESe ES EE Lf Thermal resistance (°C/watt) 1.2 
2 ety S2> 2988 g¢2 S$K8 sx (Armature-to-ambient) 
i —_ a Electrical time constant (msec) 3.3 
27 20 11 5 150 5000 Mechanical time constant (msec) 7 
Motor-tach weight 25 Ibs. 
44 32 es 9g 100 3500 
50 37. 311 os goog “rer 
Peak torque (in. Ibs.) 300 
66 48 62 1.5 0 2500 Max. rated continuous torque at stall (in. Ibs.) 50 
Armature inertia (oz. in. sec2) .40 
Damping factor (in. lbs./KRPM) .50 
= = AD Me a aaiees Thermal resistance (°C/watt) 1.0 
39 29 14 Oy 120 4000 (Armature-to-ambient) 
54 40 95 1.6 90 3000 Electrical time constant (msec) 4.2 


Mechanical time constant (msec) 5.0 
65 2200 Motor-tach weight 30 Ibs. 


~~ 
ol 
a) 
Ss 
oO 
N 
wo 


20 


AN as 


3/16 x 1.5LG KEYWAY 


€30-1 — 12,25 


E30-2 — 13.75 
15 


3/8-16 UNC-28 x .75 DP, 
(4) EQ SP ON A 5.875 
A. BC 


SERIES MOTOR RATINGS CONSTRUCTION FEATURES 
Maximum rated armature temperature 155°C Winding insulation Class F 

Rated brush life 5,000 hours @ 1 KRPM ABEC Class 1, sealed bal! bearings 
Maximum friction torque 2.5 in. lbs. PVC lead insulation 

Maximum shaft radial load 45 Ib., Totally enclosed housing 


1 in. from front bearing continuous 


MOTOR SPEED (KRPM) 


Terminal box 
Integrally mounted optical encoder (see pp. 40-45) 


SPEED TORQUE CURVES 
MODEL E30-1 MODEL E30-2 


3000 \ 


2000 


1000 


CONTINUOUS INTERMITTENT 
DUTY ZONE DUTY ZONE 


CONTINUOUS INTERMITTENT 
DUTY ZONE DUTY ZONE 


20 40 60 IN-LBS 20 40 60 80 IN-LBS 


RMS OUTPUT TORQUE (IN. LBS.) 
V = Terminal Voltage 


The S.O.A.C. line represents the safe operating area, continuous with unit mounted on 12’'x12”x1/2”" Heat Sink. 
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E40-1/E40-2 


The E40-1/E40-2 series permanent magnet DC 
motors are designed to be used in a broad range 


of industrial servo applications where torque 
Output at low speeds, or high pulse torque is 


particularly useful. Applications include axis drive 


for lathes, mills, machining centers and pump 


drives. Shown in the photo Is the standard square 
NEMA 56C flange. 


HOW TO ORDER 


To order, you must supply sales model number. Order codes are shown below in color 


motor model 


* Available tachometer: E-796. For tachometer specifications see pp. 62-63. 


Torque Constant (K7) 
(in-Ibs/amp) +10% 


| Winding 


= 
i) 
~N 


4.64 
6.07 


- 3.12 
4.13 
6.24 


22 


motor winding 


(Volts/K RPM) +10% 


3 | Voltage Constant (Ke) 
o1 


“a oOo 
Nh O1 


37 
49 
74 


(Ohms) at 25° +15% 


Winding Resistance 
(0.15 ohms for 
terminal resistance) 


SV oR 
Oo oc WN 


08 
14 
32 


*tach. model 


Armature Inductance 


(Millihenries) 


No — 
co W Oo 


Max. Pulse Current 
(Amps) (to avoid 
demagnetization) 


—s 
o oo oO 
ss oO © 


100 
80 
50 


for special 


Max. Speed 
(RPM) 


3000 
2000 
1500 


3000 
2400 
1500 


MODEL 


Peak torque (in. Ibs.) 300 

Max. rated continuous torque at stall (in. Ibs.) 65 

Armature inertia (oz. in. sec.2) 0.9 

Damping factor (in. Ibs./KRPM) 1.0 

Thermal resistance (PC/watt) 1.0 
(Armature-to-ambient) 

Electrical time constant (msec) 5 

Mechanical time constant (msec) 6 

Motor-tach weight 40 lbs. 


MODEL 


Peak torque (in. Ibs.) 300 

Max. rated continuous torque at stall (in. Ibs.) 85 

Armature inertia (oz. in. sec2) 1.4 

Damping factor (in. Ibs./KRPM) 1.2 

Thermal resistance (°C/watt) .75 
(Armature-to-ambient) 

Electrical time constant (msec) 4 

Mechanical time constant (msec) 5 

Motor-tach weight 48 lbs. 


40 DIA THRUL4) 
EQ SP ON A7.25 
DIA BC 


£40-1-12.2 
£40-2—13.7 


3/8-16 UNC-28 x 2.45 + 
50 OP(4) EQ SP 
ON A 5.875 DIA BC 


3/16" x 1.87 LG KEYWAY 


SERIES MOTOR RATINGS CONSTURCTION FEATURES 
Maximum rated armature temperature 155°C Winding insulation Class F 

Rated brush life 5,000 hours @ 1 KRPM ABEC Class 1 sealed ball bearings. 
Maximum friction torque 3.0 in. Ibs. PVC lead insulation 

Maximum shaft radial load 45 Ib., Totally enclosed housing 


1 in. from front bearing continuous 


Terminal box 
Integrally mounted optical encoder (see pp. 40-45) 


SPEED TORQUE CURVES 
MODEL E40-1 MODEL E40-2 


| 


CONTINUOUS | INTERMITTENT 
DUTY ZONE DUTY ZONE 


CONTINUOUS INTERMITTENT 
DUTY ZONE DUTY ZONE 


SPEED TORQUE CURVES 


80 100 120 140 IN-LBS 


RMS OUTPUT TORQUE (IN. LBS.) 


V = Terminal Voltage 
The S.O.A.C. line represents the safe operating area, continuous with unit mounted on 12”°x12’’x1/2” Heat Sink. 
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M-1020 


The M-1020 is the first step up to the high per- 
formance of moving coil motors. This model offers 
compact size, reasonable economy, and fast 
response with low inertia loads. 


L 
HOW TO ORDER 
MOTOR RATING Uncooled 
To order you must supply sales model number. Order oe oan 
h b l . l Maximum Safe Speed 
codes are shown below in color cata —— 
Maximum Speed at 
 ——— / SY aa, Rated Load 4 krpm 
motor winding tach winding for special Rated Torque 
(f tach is re- ; , 
quired see pp. 58-59 (continuous at stall) 22 oz. in. 
‘ 3 , ; Rated Power Output 50 W 
NOTE: This motor can be supplied with an integrally Power Rate (continuous) 2.7 KW/sec 
mounted incremental optical encoder, see pp. 40-45. Power Rate (peak) 98 KW/sec 


No Load Acceleration at 


a are xe m Maximum Continuous 
¥ 3 x“ Ss ‘ a . se Torque 46000 rad/sec2 
ange = is cH 8 © oDc No Load Acceleration at 
8 + Sas SO.8 5 £00 Maximum Pulse Torque 283000 rad/sec? 
a — “as Zio © 2 UD 72% 
ca ca OA r F O : © Maximum Rated 
Ps 5 of Cee © o> a+ = Armature Temp. 155°C 

e = » X P5068 22 a & & Maximum Static 

2 eas £ = 9 - = '¢ e = ‘f e e Friction Torque 2.0 oz. in. 

= C ie) = > =O + 5 ae Ss <9 Electrical Time Constant .17 msec 

— —- Mechanical Time Constant 3.8 msec 
3.60 266 70 09 37 Damping Factor .55 oz.in/krpm 
5.15 3.80 1.40 21 6 Armature Moment js 
7.20 5.30 2.70 35 18 of Inertia .00047 oz.in.sec¢ 
MOTOR LIFE 


Many users naturally ask what operational and brush life can be expected from a moving coil motor. There is no pat answer to this 
question as numerous application factors have a direct impact on motor life. Among these are peak current during acceleration, duty 
cycle, direction reversals, load inertia and method of heat removal. 


For the M-1020, operated under normal conditions, a life expectancy of 1.5 x 10° stop-start cycles at 100 cycles per second or 2 x 10° 
revolutions at 1500 RPM with 10 oz. in. output can be achieved before maintenance is required. A life prediction can be made for you 
application after all pertinent factors are known and a simulation test has been made. 


Let our application specialist examine your requirements. 


24 


22 AWG 2 CONDUCTOR CABLE 


MOTOR CONNECTION TERMINALS yeas Debi aaa 


1.500 + .020 #6-32 UNC-2B (4) EQUALLY 
SPACED ON A 2.450 DIA. 


2.813 + .010 -125 + .010 


Optional 
M-110 Tach 


1.375 0000 
DIA. 3745 Sos DIA. 


M 1020 


a 


| | Area of safe continuous op- 
eration without air cooling. 


Area beyond capacity of mo- 
tor for continuous operation. 
Much higher output torque 
can be realized on an intermit- 
tent basis provided armature 


temperature rating is Not ex- 
ceeded. 


SPEED (KRPM) 
> 


NR 


25 50 75 
RMS TORQUE (OZ. IN.) 
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M-1030 


The Electro-Craft Model M-1030 is an intermediate 
performance DC moving coil servomotor designed 
for maximum economy over a broad range of 
applications. A significant range extension can be 
achieved by using forced air cooling due to the 
very efficient air baffle arrangement on this motor. 
The unit shown on the right has an Electro-Craft 
M-110 moving coil tachometer mounted on the 


rear end of the shaft. 


HOW TO ORDER 


To order you must supply sales model number. Order 


codes are shown below in color 


/ 


motor winding 


NOTE: This motor can be supplied with an integrally 
mounted incremental optical encoder, see pp. 40-45. 


+) 


Torque Constant (K 
(oz. in/amp + 10% 


| Winding 


K.) 
% 


+ 109 


Voltage Constant ( 
(Volts/K RPM) 


OO 
O- W 


Winding Resistance 


tach winding (if 


tach is required 
see pp. 58-59) 


® 

= 2 

_ 8 fs 

£5 9 
bee 24 
wee Ge 
+1 0 ve © c 
££ © E fe as 
O+e gz 
0.70 0.09 
1.95 0.21 
220 0.35 


for special 


MOTOR RATINGS 


Maximum Safe Speed 


(no load) 

Maximum Speed at 
Rating Load 

Rated Torque 
(continuous at stall) 

Rated Power Output 

Power Rate (continuous) 

Power Rate (peak) 

No Load Acceleration at 
Maximum Continuous 
Torque 

No Load Acceleration at 
Maximum Pulse Torque 


Maximum Rated 


Uncooled 


7 krpm 

4 krpm 

35 oz. in. 
SOW 

12 KW/sec: 
1220 KW/sec 
50000 rad/sec 


497000 rad/sec 


s 
52 


‘s Armature Temp. 155°C 

Sot Maximum Static 

2c rae ; 

£00 Friction Torque 2.5 oz. in. 

rs) e * Electrical Time 

9 Os Constant 0.1 msec 

~ 

Sa = Mechanical Time 

062? Constant 2.3 msec 

x EE Damping Factor 1.0 oz. in./krpm 

= 3 Armature Moment of Inertia (including bearings) 

1/2 in. Dia. Shaft, Mtr. Only 0.00068 oz. in. 

60 1/2 in. Dia. Shaft, Mtr. Tach 0.00075 oz. in. 
42 3/8 in. Dia. Shaft, Mtr. Only 0.00054 oz. in. s2 
30 3/8 in. Dia. Shaft, Mtr. Tach 0.00061 oz. in. 52 
MOTOR LIFE 


W/Air Cooling 
(30 in. H2O) 


12 krpm 

4 krpm 

65 oz. in. 

170 W 

42 KW/sec 
1570 KW/sec 
105000 rad/sec 


640000 rad/sec 


155°C 
2.8 O2. if. 
0.1 msec 


2.3 msec 
1.0 oz. in./krpr 


Many users naturally ask what operational and brush life can be expected from a moving coil motor. There is no pat answer to this 
question as numerous application factors have a direct impact on motor life. Among these are peak current during acceleration, duty 


cycle, direction reversals, load inertia and method of heat removal. 


For the M-1030, operated under normal conditions, a life expectancy of 1.5 x 109 stop-start cycles at 100 cycles per second or 2 x 108 
revolutions at 1500 RPM with 20 oz. in. output can be achieved before maintenance is required. A life prediction can be made for your 
application after all pertinent factors are known and a simulation test has been made. 


Let our application specialist examine your requirements. 
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22 AWG X 24” LG (2) In 8.32 UNC — 2B (4) 


Shielded Twisted Cable Equally Spaced On 
Red & Black A 3.656 DIA. 


Or .3750 + .0000 DIA. 


Motor connection terminals 


Optional 
M-110 Tachometer 


3.3114 .001 DIA. 


,005 
Fraction = + 1/64 
SHAFT RUNOUT = .001 IN./IN. MAX. 


1.50 +.03 


Area of safe continuous op- 
eration wihtout air cooling. 


Area of safe continuous op- 
eration with adequate air cool- 
Ing. 

Area beyond capacity of mo- 
tor for continuous operation. 
Much higher output torque 
can be realized on an intermit- 
tent basis provided armature 
temperature rating is not ex- 
ceeded. 


SPEED (KRPM) 


Vr = Terminal Voltage 


RMS TORQUE (O2Z-IN) 


MODEL M-1030 THERMAL DATA 


NOTE: 

1. MOTOR MOUNTED ON 
10 x 10 x .25 IN. HEAT 
SINK. 

2. MAXIMUM ARMATURE 

TEMPERATURE 155°C 


AIR FLOW ne 
IMPEDANCE a 
| 


\) THERMAL RESISTANCE 
i aes tee TO AMBIENT 


0 5 10 15 20 25 0.5 1.0 1.5 2.0 25 3.0 
INLET PRESSURE (IN H 0) THERMAL RESISTANCE (°C/W) 


> 


N 
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M-1040 


The Electro-Craft Model M-1040 is a medium per- 


formance DC moving coil servomotor designed 
to fill the gap between low cost iron core motors 
and the higher cost moving coil motors. A 
significant range extension can be achieved by 
using forced air cooling due to the very efficient 
air baffle arrangement on this motor. 


HOW TO ORDER 


To order, you must supply sales model number. 
Order Codes are shown below in color 


/ 


motor winding 


tach winding (if 


tach is required 
see pp. 58-59) 


for special 


Note: This motor can be supplied with an integrally 
mounted incremental optical encoder, see pp. 40-45. 


| Winding 


va vs 
co c + 
o io 
b +I 22 
Coq 6 & 
SE Oo 

oO o ¥ 
o ™ ~~ 
3° o 2 
oO. ie 
58 os 
ro zt 
5.8 4.3 
8.3 6,1 
11.6 8.6 


Winding Resistance 


® 

= = 

» 2 § 

9 = S) 

- © 3 
WW € 'Y £% 
2 © » & 
Ho > & 
qu s Ze 
.*. = c= 
ESE £5 
O+ 9 qe 
0.70 0.09 
1.95 0.21 
2.70 0.35 


Max. Pulse Current 


(Amps) (to avoid 
demagnetization) 


OOD 
ONO 


MOTOR RATINGS 


Maximum Safe Speed 
(no load) 

Maximum Speed at 
Rating Load 

Rated Torque 
(continuous at stall) 

Rated Power Output 

Power Rate (continuous) 

Power Rate (peak) 

No Load Acceleration at 
Maximum Continuous 
Torque 

No Load Acceleration at 
Maximum Pulse Torque 


Maximum Rated 
Armature Temp. 
Maximum Static 
Friction Torque 
Electrical Time 
Constant 
Mechanical Time 
Constant 
Damping Factor 


Armature Moment of Inertia 
Dia. Shaft, Mtr. Only 
Dia. Shaft, Mtr. Tach 
Dia. Shaft. Mtr. Only 
Dia. Shaft, Mtr. Tach 


1/2 in. 
1/2 in. 
3/8 in. 
3/8 in. 


Uncooled 


7 krpm 
4 krpm 
35 oz. in. 
80 W 


14 KW/sec 
1425 KW/sec 


58000 rad/sec* 


580,000 raufaee” 


155°C 
2.5 oz. in. 
0.1 msec 


2.3 msec 
1.0 oz. in./krpm 


(including bearings) 


0.00058 oz. in. 
0.00065 oz. in. 
0.00048 oz. in. 
0.00055 oz. in. 


$2 
52 
52 
52 


W/Air Cooline 
(30 in. HO) 


12 krpm 

4 krpm 

75 oz. in. 
200 W 

58 KW/sec 
1570 KW/sec 
124000 rad/s 


640000 rad/se 


155°C 
2.5 oz. in. 
0.1 msec 


2.3 msec 
1.0 oz. in./kr¢ 


For the M-1040 operated under normal conditions a life expectancy of 1.5 x 10° 


MOTOR LIFE 


Many users naturally ask what operational and brush life can be expected from a moving coil motor. There is no pat answer to thi: 


question as numberous application factors have a direct impact on motor life. Among these are peak current during acceleration, duty 
cycle, direction reversals, load inertia and method of heat removal. 


é 
stop-start cycles at 100 cycles per second or 1x 10 


revolutions at 1500 RPM with 20 oz. in. output can be achieved before maintenance is required. A life prediction can be made for you 
application after all pertinent factors are known and a simulation test has been made. 


Let our application specialists examine your requirements. 
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| 1.375 DIA. | 


Optional M-110 


Tachometer 
XM = +.01 
XXX = + .005 


FRACTIONS = + 1/64 


8-32 UNC-2B THRU (4) 
EQUALLY SPACED ONA 
1.50 + .020 3.656 DIA, BOLT CIRCLE 


LA] .005 TIR 


3.60 MAX 


.3750 DIA. 


+ .0000 
—.0005 


3.311 + .001 DIA 


Shaft endplay .0005 min .004 max with 10 |b reversing load. 
Shaft radial play .0015 max when measured with 5 |b reversing load. 


SHAFT RUNOUTS = .001 IN./IN. MAX. 


BU 


Area of safe continuous op- 
eration without air cooling. 
Area of safe continuous op- 
eration with adequate air cool- 
ing. 

Area beyond capacity of mo- 
tor for continuous operation. 
Much higher output torque 
can be realized on an intermit- 
tent basis provided armature 
temperature rating is not ex- 


ceeded. 0 25 50 75 
RMS TORQUE (OZ-IN) 


MODEL M-1040 THERMAL DATA 


ft tt td 10 


SPEED (KRPM) 


NOTE: 

1. MOTOR MOUNTED ON 
10 x 10 x .25 IN. HEAT 
SINK. 

2. MAXIMUM ARMATURE 

TEMPERATURE 155°C 


AIR FLOW 
IMPEDANCE 


THERMAL RESISTANCE 
ARMATURE TO AMBIENT 


AIR FLOW (CFM) 
N 


0 6 12 18 24 30 0.5 1.0 15 2.0 25 3.0 
INLET PRESSURE (IN. H30) THERMAL RESISTANCE (°C/W) 


Vr = Terminal Voltage 
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M-1125/M-1140 


The M-1125/1140 series provides significantly 
improved performance over previous four-inch 
diameter moving coil motors. 


HOW TO ORDER 


To order you must supply sales model number. Order codes are shown below in color 


motor winding foranalog tach winding 


motor model for special 
tachometer see pp. 58-59 
if required 
ce a cite W/Air Cooling W/Air Cooling 
Uncooled (30 in. HaO) Uncooled (30 in. H9O0) 
Maximum Safe Speed (no load) 6.7 krom 12 krpm 5.3 krpm 11 krpom 
Maximum Speed at Rated Load 3 krpm 3 krpm 3 krpm 3 krpm 
Rated Torque (continuous at stall) 50 oz. in. 110 oz. in 60 oz. in 120 oz. in. 
Rated Power Output 84 W 184 WwW 100 W 200 W 
Power Rate (continuous) 39 KW/sec 188 KW/sec 47 KW/sec 188 KW/sec 


Power Rate (peak) 
No Load Acceleration at 
Maximum Continuous Torque 
No Load Acceleration at 
Maximum Pulse Torque 
Maximum Rated Armature Temp. 
Maximum Static Friction Torque 
Electrical Time Constant 
Mechanical Time Constant 
Damping Factor 


2088 KW/sec 
111000 rad/sec* 


810000 rad/sec* 
155°C 

4 oz. in. 

.14 msec. 

1.1 msec. 

1.5 oz. in./krpm 


Armature Moment of Inertia (including bearings) 


Motor only 
Motor M-110 Tach 


M-1125 


.00038 oz. in. sec2 
00045 oz. in. sec? 


2088 KW/sec 
244000 rad/sec* 


810000 rad/sec* 
155°C 

4 oz. in. 

.14 msec. 

1.1 msec. 

1.5 oz. in./krpm 


M-1140 


.00047 oz. in. sec2 
.00054 oz. in. sec? 


3520 KW/sec 
111000 rad/sec* 


960000 rad/sec* 
155°C 

4 oz. in. 

.1 msec. 

.83 msec 

2.5 oz. in./krpm 


3520 KW/sec 
222000 rad Isec? 


960000 rad/sec* 
155°C 

4 oz. in. 

.1 msec. 

.83 msec. 

2.5 oz. in./krpm 


MOTOR LIFE 


Many users naturally ask what operational and brush life can be expected from a moving coil motor. There is no pat answer to this ques- 
tion as numerous application factors have a direct impact on motor life. Among these are peak current during acceleration, duty cycle, 
direction reversals, load inertia and method of heat removal. 


For the M-1125/M-1140 operated under normal conditions a life expectancy of 1.5 x 109 stop-start cycles at 150 cycles per second or 
3 x 108 revolutions at 1750 RPM with 35 oz. in. output can be achieved before maintenance is required. A life prediction can be made fo! 
your application after all pertinent factors are known and a simulation test has been made. 


Let our application specialist examine your requirements. 
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#10-24 UNC-2B THRU (4) 
2.50 4.77 MAX 1.50 +.03 EQ SP ON A 3.656 DIA B.C. 


MAX 


TACHOMETER 
4,00 DIA. 


OPTIONAL M-110 125 - = 3.311 + .001 DIA. 


M.1125 


Area of safe continuous op 
eration without air cooling 


Area of safe continuous op = S 
eration with adequate air a 3 
cooling. z =x 
Areas beyond capacity of = o 
motor for continuous oper WwW w 
2 a 
ation. Much higher output 5 7) 
torque can be realized on 
an intermittent basis pro 
vided armature tempera 
ture rating is not exceeded 1 
50 100 150 50 100 150 
RMS OUTPUT TORQUE (OZ. IN.) RMS OUTPUT TORQUE (OZ. IN) 
— ‘ M-1125/M-1140 THERMAL DATA 
Fe oe ib ® 
x 3x yO, gr" o c ~ NOTE: 
2 a a Oo 8 _— 1. MOTOR MOUNTED ON 
= c + sO x¢ O gn 10 x 10 x .25 IN. HEAT 
o + GC #6 Of 5 - OO SINK. 
— as 2 © 2 a I>%6 2. MAXIMUM ARMATURE 
rd c= o A em ce O © TEMPERATURE 155°C 
(e) ro) = Oo 
6 = O x c as  &» o* ® oe - 
a < o ¥ oO OF 5 o nk if 
c : c Da £*wec Po avo 
xe) oo Ts SES © i= .ag 
c om = 6 ecfaget E= xX EE 
= 06 ~ SOD == a a 
= as > Por SS 2 ds Sia THERMAL RESISTANCE 
aes ARMATURE TO AMBIENT 
6.4 4.74 55 al 57 
9.1 6.74 76 A 57 


: : 2.0 2.5 3.0 
INLET PRESSURE (IN. H30) L RESISTANCE (°C/W) 
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M-1438/M-1440 


The Electro-Craft Model M-1438/1440 high- 
performance DC moving coil servomotors have a 
theoretical acceleration from stall exceeding 

10® rad/s?. They are commonly used where 

the highest performance is required in computer 
peripheral and other capital equipment. 


HOW TO ORDER 


To order you must supply sales model number. Order codes are shown below in color 


motor model motor winding foranalog tach winding 
tachometer see pp. 58-59 


for special 


if required 
MOTOR RATING Uncooled W/Air Cooling Uncooled W/Air Cooling 
crninmm ————— (30 in. H90) ore a (30 in. HO) 
Maximum Safe Speed (no load) 4.5 krpm 10 krpm 4.5 krpm 10 krpm 
Maximum Speed at Rated Load 2.5 krpom 2.5 krpm 2.5 krpm 2.5 krpm 
Rated Torque (continuous at stall) 84 oz. in. 170 oz. in. 120 oz. in. 229 oz. in. 
Rated Power Output 130 W 280 W 160 W 320 W 
Power Rate (continuous) 76 KW/sec 230 KW/sec 59 KW/sec 217 KW/sec 


Power Rate (peak) 
No Load Acceleration at 
Maximum Continuous Torque 
No Load Acceleration at 
Maximum Pulse Torque 
Maximum Rated Armature Temp. 
Maximum Static Friction Torque 
Electrical Time Constant 
Mechanical Time Constant 
Damping Factor 


4400 KW/sec 
120,000 rad/sec2 


950900 rad/sec2 
155°C 

5 oz. in. 

.16 msec. 

.69 msec 

4 oz. in./krpm 


Armature Moment of Inertia (ref. only) (including bearings) 


M-1438 


4400 KW/sec 
215000 rad/sec2 


950000 rad/sec2 
155°C 

5 oz. in. 

.16 msec 

.69 msec. 

4 oz. in./krpm 


M-1440 


1837 KW/sec 
70600 rad/sec2 


390000 rad/sec2 
1550C 

5. oz. in, 

.27 msec 

1 msec 

4 oz. in./krpm 


1837 KW/sec 
135000 rad/sec2 


390,000 rad/sec2 
155°C 

5 oz. in. 

.27 msec. 

1 msec 

4 oz. in./krpm 


Motor only 
Motor M-110 Tach 
Motor/Optical Tach 


.00070 oz. in.sec 
.00077 oz. in. sec2 
.00078 oz. in. sec2 


MOTOR LIFE 


Many users naturally ask what operational and brush life can be expected from a moving coil motor. There is no pat answer to this 
question as numerous application factors have a direct impact on motor life. Among these are peak current during acceleration, duty 
cycle, direction reversals, load inertia and method of heat removal. 


.0016 oz. in. sec? 
.0017 oz. in. sec? 


For the M-1438/1440 operated under normal conditions a life expectancy of 1.5 X 109 stop-start cycles at 150 cycles per second or 
3 x 108 revolutions at 1750 RPM with 60 oz. in. output can be achieved before maintenance is required. A life prediction can be made 
for your application after all pertinent factors are known and a simulation test has been made. 
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16 AWG X 24 IN (2) #10 32 UNF 2B x 38 DEEP 
OPTIONAL 4 HOLES EQUALLY SPACED 
M.110 TACHOMETER OPTIONAL OPTICAL ENCODER ON A 3.656 DIA. BOLT CIRCLE 


3.3712 001 DIA. 


2.50 MAX 4.75 MAX . 5.00 DIA. 


M 1440 


[a] 


4 
Area of safe continuous op- 
eration without air cooling. - _ 
= = 
Area of safe continuous op & x3 
eration with adequate air ¥ x 
cooling. Oo a 
Ww ud 
Areas beyond capacity of ns a 2 
motor for continuous oper- ” Y 
ation. Much higher output 
torque can be realized on 
an intermittent basis pro 1 
vided armature tempera: 
ture rating is not exceeded, 
100 200 300 100 200 300 
RMS TORQUE (OZ. IN.) RMS TORQUE (OZ. IN.) 
MODEL M-1438 THERMAL DATA 
_ es xo 
° 
* ° v = o 
¥ Ss —s' oO o= 7) e ra] 
Pat wo O +) oO o - ae 1. MOTOR MOUNTED ON 
= c + SORE o SZ ec 10 x 10 x .25 IN. HEAT 
o + s #56 2 8 7 ~¥ 00 SINK. 
—— as =O» @ om a 2 Se a 2. MAXIMUM ARMATURE 
ca co SNES a: - eit TEMPERATURE 155°C 
SE 6 « cree =e Ze% ae | 
> s o ¥ X= Ge 5 6 ee 
£ 4 c Ow Cwoc Pc aY*® = 
O ot § 2 ot". a = - 20 c 
c i 4! =o cco f& = XEE o 
— e) N (@) — a oO rT) 
= - © >> SOto qa = <= = THERMAL RESISTANCE 
— — ~— oe ~~ ~ 5 ARMATURE TO AMBIENT 
—_—-— EE es 
3 
9.5 ¥ 45 <.10 70 < 
11.8 8.7 .80 “15 57 TT | 
9.5 7 Lt <.10 70 
11.8 8.7 48 <.15 56 0 5 10 15 20 25 0.5 1.0 1.5 2.0 25 3.0 


INLET PRESSURE (IN. H9O) THERMAL RESISTANCE (°C/W) 
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M-1450/M-1460 


The Electro-Craft Model M-1450/M-1460 is a 
particularly powerful DC high-performance servo- 
motor designed to drive moderately high inertial 
loads with the fast response characteristic of 
moving coil motors. Typical applications include 
high speed line printer drives, paper feed drives 
in high speed Optical Character recognition equip- 


ment and high speed material handling systems. 


HOW TO ORDER 


To order you must supply sales model number. Order codes are shown below in color 


motor model motor winding 


MOTOR RATINGS 


Maximum Safe Speed (no load) 

Maximum Speed at Rated Load 

Rated Torque (continuous at stall) 

Rated Power Output 

Power Rate (continuous) 

Power Rate (peak) 

No Load Acceleration at 
Maximum Continuous Torque 

No Load Acceleration at 
Maximum Pulse Torque 

Maximun Rated Armature Temp. 

Maximum Static Friction Torque 

Electrical Time Constant 

Mechanical Time Constant 

Damping Factor 

Armature Moment of Inertia 


1480 KW/sec 
17900 rad/sec2 


139000 rad/sec? 
155°C 

9 oz. in. 

.18 msec 

3 msec 

7.6 oz. in./krpm 
01 oz. in. sec? 


foranalog — tach winding for special 
tachometer see pp. 58-59 
if required 
Uncooled W/Air Cooling 
(30 in. HgO) 
4 krpm 7.5 krpm 
2 krpm 2 krpm 
180 oz. in 356 oz. in. 
267 W 490 W 
22 KW/sec 76 KW/sec 


1300 KW/sec 
32900 rad/sec? 


139000 rad/sec? 
155°C 

9 oz. in. 

.18 msec 

3 msec 

7.6 oz. in./krpm 
.01 oz. in. sec 


MOTOR LIFE 


Uncooled 


4.5 krpm 

2 krpm 

220 oz. in. 
300 W 

40 KW/sec 
2400 KW/sec 


33000 rad/sec? 


240000 rad/sec? 
155°C 

9 oz. in. 

.18 msec 

1.6 msec 

7.6 oz. in./krpm 
0054 oz. in. sec? 


W/Ajir Cooling 


(30 in. HoO) 


7.5 krpm 

2 krpm 

375 oz. in. 
504 W 

140 KW/sec 
2400 KW/sec 


61000 rad/sec2 


240000 rad/sec2 
155°C 

9 oz. in. 

.18 msec 

1.6 msec 

7.6 oz. in./krpm 
.0054 oz. in. sec 


N 


Many users naturally ask what operational and brush life can be expected from a moving coil motor. There is no pat answer to this ques 
tion as numerous application factors have a direct impact on motor life. Among these are peak current during acceleration, duty cycle 
direction reversals, load inertia and method of heat removal. 


For the M-1450/M-1460 operated under normal conditions a life expectancy of 10? 


stop-start cycles at 150 cycles per second o 


2 x 10° revolutions at 1000 RPM with 150 oz. in. output can be achieved before maintenance is required. A life prediction can be mad 


for your application after all pertinent factors are known and a simulation test has been made. 


Let our application specialist examine your requirements. 
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4.418 REF 


#8-32 UNC-2B X .50 MIN 
2.88 1.50 + .03 DEEP (4) EQUALLY SPACED 
ON 5.125 DIA. BOLT CIRCLE 


5.50 DIA. 3.311 +,001 
ae | DIA. 
.4995 + .0000 
DIA. .0005 


OPTIONAL M-110 TACH .30 + .02 


12 AWG X 24 IN (2) 


M-1450 


Area of safe continuous op 
eration without air cooling 


Area of safe continuous op 
eration with adequate air 
cooling. 


SPEED (KRPM) 


Areas beyond capacity of 
motor for continuous oper 
ation. Much higher output 
torque can be realized on 
an intermittent basis pro 
vided armature tempera 
ture rating is not exceeded 


SPEED (KRPM) 


100 200 300 400 100 
RMS TORQUE (OZ. IN.) RMS TORQUE (OZ. IN.) 


MODEL M-1450 THERMAL DATA 


vy X © o 
Me - — 
=e ~—° . o Cc es NOTES: 
we ae ew! 2 coe AIR FLOW 1, MOTOR MOUNTING ON 
c c + no = & e) Kem © IMPEDANCE 10 x 10 x .25 IN. HEAT 
o + SH #56 2 8 5 ~¥ 00 SINK. 
a> ns 2b 0 53% 2. MAXIMUM ARMATURE 
cQ 5 ONE ® £3 a TEMPERATURE 155°C 
6§ of feet o = R2e 
oO = o =» ao, OF = = 5] 
c Sec Oo cwoc a are 
0 a= a = sof e e= , 20 
£ 5 N oe =6°s E S ® : E THERMAL RESISTANCE 
2 2 >2 eve {= sis , ARMATURE TO AMBIENT 
24.9 18.4 1.15 <.3 56 NEE 
0 5 0 6 2 2 BS 60 1 Lh 7.25 1.50 
23.5 17.4 1.05 <.3 56 INLET PRESSURE (IN. H30) THERMAL RESISTANCE (°C/W) 
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M-1600 


The Electro-Craft Model M-1600 is a high-perfor- 
mance DC moving coil servomotor designed to 
meet the requirements of 250 IPS capstan drives. 
This motor has a theoretical acceleration from 
stall exceeding 10© rad/s?, very high resonent 
frequencies, and various air cooling systems to 
suit customer requirements. 


HOW TO ORDER W/Air Cooling 
MOTOR RATINGS Uncooled (30 in. HzO) 
To order, contact your local Electro-Craft sales Maximum Safe Speed 
j i j j : (no load) 7 krpm 7 krpm 
engineering as this high performance model requires phates eceenlte 
significant application engineering. Rated Load 4.5 krpm 4.5 krpm 
" ‘ P 2 Maximum Continuous 
Note: This motor can be supplied with an incre- Stall Torque 60 oz. in. 120 oz. in. 
j : Rated Power Output 150 Watts 375 Watts 
mental optical encoder, ee RP. 40 45. Power Rate (continuous) 72 KW/sec 280 KW/sec 
Power Rate (peak) 5920 KW/sec 6630 KW/sec 


No Load Acceleration at 
Maximum Continuous 2 
Torque 170,000 rad/sec 360,000 rad/sec2 


No Load Acceleration at 


7) 
gE) 


v & © : 2 , 
x . =o 2 = Ec ” Maximum Pulse Torque 1,549,000 rad/sec” 1,700,000 rad/sec: 
“ ps e © $e . DOE Maximum Rated Armature 
Le s- co 2 3 = oS Temperature 155°C 155°C 
+1 as 2X 07 co 2 2 ‘ te Fricet 
Eo co. VPM ES ce O . © Maximum Static Friction 
SE os erst ot 88% Torque 5 oz. in. 5 oz. in. 
2 ew co) x a oo 5 5 Sy ee Electrical Time Constant .1 msec .1 msec 
5 3 s2 seers c= “ey M ical Time C 5 5 
5 a= @ + SE 'e @ = . a6 echanical Time Constant .5 msec. .5 msec 
= oN oS M4 £ 5 Sr E S ‘E E Damping Factor 1 oz. in./krpm 1 oz. in./krpm 
S i 3s a <5 3253 Armature Moment of 
—— — Inertia .00031 oz. in. sec? 
9.5 7 8 “A 57 Thermal Resistance 2.5°C/Watt 65°C/Watt 
MOTOR LIFE 


Many users naturally ask what operational and brush life can be expected from a moving coil motor. There is no pat answer to the 
question as numerous application factors have a direct impact on motor life. Among these are peak current during acceleration, duty 
cycle, direction reversals, load moment of inertia and method of heat removal. 


For the M-1600 operated under normal conditions a life expectance of 1.5 X 109 stop-start cycles at 180 cycles per second or 3 X 108 
revolutions at 1750 rpm with 50 oz. in. output torque can be achieved before maintenance is required. A life prediciton can be made for 
your application after all pertinent factors are known and a simulation test has been made. 
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#10-24 UNC-2B 
THRU (4) EQ. SP. 


1.00 REF. ON A 3.656 DIA. B.C. 


3.311+4.001 


5.00 DIA. 


Area of safe continuous op- 
eration without air cooling. 


Area of safe continuous op- 
eration with adequate air cool- 
ing. 

Area beyond capacity of mo- 
tor for continuous operation. 
Much higher output torque 2 
can be realized on an intermit- 

tent basis provided armature 

temperature rating is not ex- 

ceeded. 0 


SPEED (KRPM) 


V = Terminal Voltage 


150 


RMS OUTPUT TORQUE (0Z-IN) 


MODEL 1600 THERMAL DATA 


TAC 


NOTE: 
1. MOTOR MOUNTED ON 
10x10x% IN HEAT SINK 

2. MAXIMUM ARMATURE 

TEMPERATURE - 155°C 


THERMAL RESISTANCE 
ARMATURE TO AMBIENT 


AIR FLOW (c.f.m.) 


0 6 12 18 24 30 .50 1.0 1.5 2.0 25 3.0 
PRESSURE (IN. H,0) THERMAL RESISTANCE (°C/W) 
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Encoders and Tachometers 


The complete line of Electro-Craft DC 
motors is available with either integrally 
Or separately mounted tachometers and 
encoders. As with the standard motor selec- 
tion, these speed and position sensors are 
available simply by specifying the product 
number and the quantity desired. However, 
the applications for these devices are so 
broad and varied that we find a heavy 
demand for custom design units. Please 
contact the Electro-Craft Applications 
Engineering Department for assistance in 
designing a tachometer or encoder for your 
specific application. 
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R-5O 


The R-50 Series encoder is a low cost modular, 
designed for ease of installation onto DC 
Servomotors. This encoder features solid state 
components including a reliable LED light 
source. The encoder outputs are available in 
either sine or T<L compatible square wave, 
single or quadrature, at a variety of pulse 
rates. The R-50 series is ideal for those low 
cost computer peripherial and process control 
applications. 


HOW TO ORDER: 


Type Output: Number of Resolution: 
Sensor Outputs: Defines number 
Zero- Single of cycles in one 
crossing Dual 90° revolution of 
T2L compatible Quadrature code disc 


Shaft Size: 


SPECIFICATIONS: 


Electrical Specifications: 


Type 1 Output: 
Input voltage: 5 VDC 5% @75 ma 
Output waveform 30 “amp P-P min. 


Channel A 0°, 180° 
Channel B 90°, 270° 


~ 
75 MV MIN 0° Oz | com Ss 
P-P , 


QUADRATURE, SINE WAVE OUTPUT ZERO CROSSING 
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Type 3 Output: 
Input voltage +5 VDC + 10% @ 100 ma 
Output waveform T?L compatible 


Channel A 


90° + 45° ELECTRICAL PHASING 


Channel B 
-—----— —1 


QUADRATURE, SQUARE WAVE, TTL COMPATIBLE OUTPUT 


Logic ‘0’. . .0.5 VDC max. @ 10 ma max. sink current 
Logic ‘1'.. .VCC @ 1 K ohm (TTL compatible) 


alent hole eee 


Tap 2-56 X = 
4 Places 


Lead Break-out 


.850 
All dimensions + .002 


Operating frequency. . 50 KHz max standard 


Output format ..... A leads B for CCW rotation as 
viewed looking at mounting surface 

Operating temp. ... .0 to 55°C 

PIOSE « su ew ew & Less than 1.0% once around 


2 


Moment of inertia. . .8.5 x 107% in. oz. sec 


Standard Available Resolutions: 
192, 250, 400, 500, 1000 


Other line counts within this range can be produced 
for a one time tooling charge. 


Outline 


B 
MAX 
W/COVER 


1.960 
DIA 
W/OUT COVER 


2.56 X.87 LG. 
MTG. SCWS, 
2 PLACES 
Clearance hole for thru shaft if required 


Motor Mounting Requirements: 


1. Shaft runout: must be less than .005 TIR 1/2 inch 
from mounting surface (disc hub mounting 
position) 

2. Shaft to be perpendicular to mounting surface within 
0.005 TIR 

3. Shaft length 5/8 inch min. from mounting surface 

4. Shaft end play not to exceed .005 inch. 


Encoder Cover: 


The standard cover mounts on two standoffs with the 
mounting screws supplied. 
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R-1500 


The R-1500 is the state-of-art modular encoder; 
designed to the highest standards for stability, 
and long term performance. 


This modular encoder was solid state electronics 
and a new patented radial-line sensor array 
which minimizes sensitivity to motor shaf runout. 
This design provides for minimal installation 
time on motor. Models are available for either 
positive or negative motor shaft end play. 


HOW TO ORDER 


To order, you must supply the sales model number. Codes are shown in color. 


ee ee 


Shaft End Play: Type Output Number of Resolution: Shaft Size: special: 

Minus Sensor Diff. Outputs: Defines number of see 

Positive TTL compatible Single cycles in one text 
Custom design Dual 90° revolution of code for 
circult quadrature disc options 
Sensor ‘O’ 
crossing 

SPECIFICATIONS: Type 3 Output: 


Input voltage 5 VDC + 5% @ 125 ma. 

Output waveform: TTL compatible 

Frequency response to 75 KHz 

Quadrature 90° + 22.59 

Output format — A leads B for CCW rotation as viewed 


Channel A O°, 180° looking at mounting surface 
Channel B 90 , 270 Channel A 


Electricl Specifications: 


Type 1 Output: 
Input voltage: 5 VDC + 5% @ 70 ma. 
Output waveform 


é 

200MV MIN 0° |S ‘ fxn * 
\ O +4 re) 

p.p 90° ©£22.5 ELECTRICAL PHASING 


Channel B 


OV 


Quadrature 90° + 22.5° at 5.0 VDC at 75 KH, 
Output format — differential sine wave suitable for in- 
put to comparator; A leads B for CCW rotation as 
viewed looking at mounting surface. QUADRATURE, SQUARE WAVE, TTL COMPATIBLE OUTPUT 
Output load impedance 470 {2 typical 
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.750 
(MAX) 


(INCL. 
COVER) 


MOUNTING SURFACE 


18” LEADS 


SPECIFICATIONS: 
Electrical Specifications: 
Type 4 Output 
Input voltage: 5 VDC +5% @ 75 ma. 
Channel A 


er 


Channel B 


OV 


lig ge 
90° + 22.5° 

Output P/P 100 MV Min at 1 KH with 10K load 
Quadrature: 90° + 36° at 5 VDC and 50 KH 

DC Offset: 10% of P/P 

Output format — sine wave A leads B for CCW rotation as 
viewed looking at mounting surface. 


Mechanical Specifications 


Shaft end play specifications: ‘ 
positive — preload permitting 
positive shaft movement 


1. minus — preload permitting 
minus shaft movement 


Shaft 


Sensor 


Reticle 
Disc 


LED 


Mounting 
Surface 


Mounting 
Surface 


Mounting shaft end play: .001 maximum 
Nominal gap between disc and reticle: .006 for 
resolutions up to 750, .003 for 751 to 1000. 
Shaft runout: must be less than .0005 T.1.R. 1/2 inch 
from mounting surface 

Resolution: 
The following line counts are available as standard: 


Other line counts within this range can be produced 
for a one time tooling change. 


.55 (REF.) 


DIA. 
(MAX) 
(INCL. 
COVER) 


Discs: 
Discs are metalized on glass pattern. 
Disc inertia: 3 x 10-5 oz. in.2 
Low inertia disc available 1.5 x 10-5 oz. in.2 
Disc assemblies are available to fit standard shaft 
diameters: 


+ ,0000 
onan _ 9002 


.2498 
3123 
3748 
4373 
4998 
.2360 
3148 


Specify 


Disc assemblies for other shaft sizes are available on 
request. Specify S on your order and detail require- 
ments. 


Mounting hole pattern 


2.56 
TAPPED 
HOLES 


Encoder cover. The standard cover mounts on to the 

encoder base. If a special cover is required, i.e., a split 
cover or one with a hole in it for shaft exit specify S$ 

on the order and detail. 
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R-2000 


The R-2000 builds on the new technologies 
developed in the R-1500. In addition to high 
stability, ease of installation and multiple 
configurations, this unit is available with an 
index pulse and goes on to higher resolutions. 


This modular encoder uses a L.E.D. light source 
and phototransistors for sensors and the new 
patented radial-line sensor array. 


HOW TO ORDER 
To order, you must supply the sales model number. Codes are shown in color. 


Shaft End Play: Type Output Number of Resolution: Disc Material: Shaft Size: special: 
Minus Sensor Outputs: Defines number of = emu!sion/glass see 
Positive Amplified zero- Single cycles in one = metalized/glass text 
crossing sine wave Dual 90° revolution of code for 
TTL compatible Quadrature’ disc options 
Custom design Single 
circuit + index 
Dual 
+ index 
SPECIFICATIONS: for CCW rotation as viewed looking at mounting surface. 


Electrical Specifications: Output load impedance: (A and B channel) 470 {2 typical 


Type 1 Output: Type 2 Output: 
Input voltage: 5 VDC 5% @ 70 ma. Input voltage + and + VDC & 5.0 VDC @ 125 ma. 
Outpat waverorm Channel A 0°, 180° Output waveform: Sine wave zero-crossing for channels 
Channel B 90° 270° A and B, single ended for index 


Channel A 
~ ~\/Channel B 
\ 


5 Index output tL ect Index output 
amplitude amplitude 

’ dependant on dependant on 
INDEX resolution 


INDEX —. _resolution index 


200MV MiN 0° 


Quadrature 90° + 22.5° at 5.0 VDC at 75 KHz. Tighter 

tolerance available as a special. 

Output format — differential sine wave suitable for in- “Other amplitudes available as special to be specified when 
put to comparator: (on A and B channel) A leads B ordering. 


44 


.750 
(MAX) 


(INCL. 
COVER) 


MOUNTING SURFACE 


Quadrature 90° + 22.5° at 15 VDC at 75 KH, 
Offset + 5% of peak-to-peak 
Frequency response to 75 KHz 
Output load; greater than 1 kQ2 
Type 3 Output: 
Input voltage 5 VDC 5% @ 125 ma. 
Output waveform: TTL compatible 
Frequency response to 75 KHz 
Quadrature 90° + 36° 


Output format — A leads B for CCW rotation as viewed 


looking at mounting surface 
Mechanical Specifications 
Shaft end play specifications: 


1. minus — preload permitting 2. positive — preload permitting 
positive shaft movement 


minus shaft movement 


Sensor 


Shaft 
Reticle 


Disc LED 


Disc 
Reticle 


FED Sensors 


Mounting Mounting 
Surface Surface 


Mounting shaft end play: .001 maximum 
Nominal gap between disc and reticle: .006 for 
resolutions up to 750, .002 for 751 to 1000. 
Shaft runout: must be less than .005 T.1.R. 1/2 inch 
from mounting surface 

Resolution: 
The following line counts are available as standard: 


Other line counts within this range can be produced 
for a one time tooling change. 


2 MTG HOLES . 
4-40 CLEARANCE 180° APART 
ON A 1,812 BC. 


.64 (REF.) 


2.16 
DIA. 
(MAX) 


(INCL. 
COVER) 18” CABLE 


Discs: 
Discs are available with either metalized or photo 
emulsion pattern. 
Disc inertia: Standard disc — 1.3 x 107% oz. in. sec. 
Disc assemblies are available to fit standard shaft 
diameters: 


+ .0000 
Shaft — 0002 


.2498 
3123 
3748 
4373 
4998 
.2360 


2 


Specify 


Disc assemblies for other shaft sizes are available on 
request. Specify S on your order and detail require- 
ments. 


Mounting hole pattern 


Encoder cover. The standard cover mounts on to the 
encoder base. The necessary mounting screws are 
supplied. If a special cover is required, i.e., a split cover 
or one with a hole in it for shaft exit specify © on 

the order and detail. 
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R-2520 


The R-2520 Serives is a low cost, high 
performance encoder featuring solid state 
electronics and a new patented radial-line sensor 
array which minimizes sensitivity to disc runout 
and shaft loading. 

This size 25 servo housed encoder is shielded 
against oil, moisture and dust. It is available in 
sine, amplified sine or T2 L and CMOS square 
wave, signie or quadrature outputs. A once per 
revolution index is an available option on most 
line counts from 100 to 1500. 

The R-2520 Series is ideal for applications 
requiring precision positioning or speed contro! 
such as in machine tool positioning or computer 
peripherals like printers and plotters. 


HOW TO ORDER 
OPTIONS 
Type of Outputs: Number of Outpus: Resolution Termination Mounting Option Shaft CMOS 
Sensor Single —(DA15P)* 
Amplified Dual —(MS3102) * 
Sine wave Single+Index —18’’ Cable 
T2L Dual+Index 
Compatible 
CMOS 


*Order mating connector separately. 


General Specifications: 


O Output waveform Channel A OP, 180° 
Operation temperature range 0 — 60°C Channel B 90, 270 
Storage temperature range — 30° to 90°C mn, 


~— 
Humidity 95% relative, no condensation 200 MV MIN © 
Bearing life 10° revolutions ie! 
Torque .06 oz, in. 

Starting moment of inertia 5 x 10~* oz. in. sec” 


Maximum acceleration 50,000 rad/sec2 oe | 

Maximum speed 5000 rpm dependant on 

Accuracy +2 min of arc std. —e — INDEX 
Direction of rotation — A leads B for CCW rotation when ae 

viewed from end of shaft. Quadrature 90° + 36° 

LED light source Output format — differential sine wave suitable for 
CODE. . . incremental input to comparator. 


; “— Output load required 470 92 Typical 
Electrical Specifications: Frequency response 


Type 1 Output Data. ..0 to 60 KHz 
Output voltage 5 VDC + 5% @ 70 ma Index. .0 to 30 KHz (Data) 


46 


MECHANICAL OUTLINE 


| OPTIONAL 
| CONNECTORs: 
L VERSION ONLY 


18"" CABLE 


2.45" with Cable — Standard 

3.0” with Connector 

.19"" DA15P Connector ‘ 
.43"" MS3102 Connector } Optional 
SHAFT 1/4” OD Standard 

3/8” OD Optional 


Sy OF etal | 
il i Il i] 


OUTPUT TERMINATION 


FUNCTION COLOR MS3102 


CHA White A 
CH B Green 
Index Orange 


a Oe Red 
GND Black 
+15VDC* Yellow 
—15VDC" Blue 


*Type 2 Output only 


"ype 2 Output: 
Input voltage + and +15 VDC & 5 VDC 


Output waveform: Sine wave zero-crossing for channels 
A and B, single ended for index 


Output Load: greater than 1K ohm 


Channel A 
< ~s y Channel B 
\ 


+5VDC 
+10% 


10V £10% 
P-P 
—5VDC Sn 
+ 10% 
Index output 
amplitude 


dependant on Index 
resolution 


Offset + 5% of peak-to-peak + .16 volts over specified 
range 


4-40 x 1/4"" DP 
3 PLCS on 1.325B.C. 3 PLCS on 2.000B.C. 


4-40 x 1/4"" DP 
4 PLCS on 1.000B.C. 4 PLCS on 2.000B.C., 


MOUNTING OPTIONS 


F2 


6-32 x 1/4"' DP 


4-40 x 3/16"" DP 


TYPE 30UTPUT: T2L Compatible 
TYPE 4 OUTPUT: CMOS Compatible 


Channel A 


90° + 36° 
Channel B 


T2L Logic 1=VCC @ 4702 
Logic 0=.5V max. @ 40 ma sink 
CMOS Logic 1=VDD -.10V @ 10k 
Logic 0=.7V max. @ 2.5 ma sink 


Available Resolutions: 


With Index: 
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R-2530 


The R-2530 Series Incremental shaft encoder is 

a universal incremental encoder designed for 
most applications where shaft coupling is required. 
This size 25 servo housed encoder is available 
with either sine or T2 L compatible square wave 
output and optional once per revolution gated 
index. 


The R-2530 Series plug in modular design 
concept allows for selection of options to suite 
different customers unique requirements 
including three shaft and increased resolution 
with x4 multiply. 


HOW TO ORDER 


To order, you must supply the sales model number. Codes are shown in color. 


= = - _ —S 
Type Output: Mechanical Number of Resolution: Signal conditioning electronics: Mounting Termination: for 
Differnetial construction: Outputs: Defines Direction sensing Option: 18-inch spec 
sine wave Specify Single number of Direction sensing with 2 pigtail see 
Zero- T, = La Dual 90° cycles in one times count multiplication DA 15P text 
crossing quadrature revolution Direction sensing with 4 MS3102_ for 
T2L Single of code disc times count multiplication opti: 
compatible + index Complimentary outputs, 
Dual available with any of the 
+ index above or with type 3 output. 


General Specifications: 

Operation temperature range 0 — 55°C 

Storage temperature range — 30° to 90°C 
Humidity 95% relative, no condensation 

Bearing life 19° revolutions 

Torque .06 oz. in. 

Starting moment of inertia 34 x 10~* oz. in. sec 
Maximum acceleration 50,000 rad/sec? 
Maximum speed 5000 rpm 

Accuracy + min of arc f — 


Output waveform Channel A O°, 180° 
Channel B 90°, 270 


2 


25 MV MIN 


. é NDE 
Direction of rotation — A leads B for CCW rotation when ov ~ : 
viewed from end of shaft. Quadrature 90> + 45 — | 
Output format — differential sine wave suitable for 
Electrical Specifications: Input to comparator. 


Output load required 470 {2 typical 


Type 1 Output Frequency response 
Input voltage 5 VDC +5% Data...0to 50 KHz 


O 
Quadrature 90° b ““o Index ..0 to 30 KHz (Data) 
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MECHANICAL OUTLINE 


|; OPTIONAL 
CONNECTORS: 
L VERSION ONLY 


18"" CABLE 


‘L =1.37 for T 
L =2.06forS 
L =3.00 for L 
= .19" DA15P Connector t Optional 
= .43"" MS3102 Connection 
SHAFT 1/4” OD Standard 
3/8" OD Optional 


x X 


‘Type 2 Output: 
Input voltage 4 VDC +5% VDC @ 100 ma. 


Output waveform 
le 90° 445° p-p 


D.C. OF FSET 
10%, MAX 


Quadrature 90° +45° at 5 VDC at 10 KH, 
Output load impedance 10 k (2min for rated output voltage 
Frequency response 

Data. ..0 to 50 KH, 

Index. .0 to 30 KH, (data) 


Type 3 Output 

Input voltage 5 voct 5% 

Output waveform: T~L 

Channel A 


90° + 45° ELECTRICAL PHASING 


Channel B 
------ —il 


—----—0 
QUADRATURE, SQUARE WAVE, TTL COMPATIBLE OUTPUT 


piace ead i 


MOUNTING OPTIONS 


F2 


6-32 x 1/4" DP 
3 PLCS on 2.000B.C., 


4-40 x 1/4"" DP 
3 


PLCS on 1.325B.C. 


4-40 x 1/4” DP 
4 PLCS on 1.000B.Cc. 


4-40 x 3/16" DP 
4 PLCS on 2.000B.C. 


Quadrature 90° + 45° VDC to 10 KH, 
Frequency response 

Data. . .0 to 50 KH, 

Index. .0 to 30 KHz 


Direction Sensing: 

General direction sensing is used to provide a logic indica- 
tion of the direction of rotation as well as provide a means of 
increasing encoder resolution. DS1 specifies a unit with 


direction sensing. DS2 specifies direction sensing with 2 times 


count multiplication and DS4 indicates 4 times count 
mulitplication. 


CCW hao Channel A 


Rotation 3n sec t1n sec (typical) 
| pulse width 
Channel B 
cw a Channel A 
Rotation 
hoor Channel B 
Resolution: 


The following line counts are available as standard: 


Other line counts within this range can be produced for 
a one-time tooling charge. 
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R-2530HD 


The R-2530HD Series is a Heavy Duty version 
of the R-2530 series. It has been designed 

to be extremely rugged and reliable for those 
heavy duty machine tool and process control 
applications. This model is available with 

all the electrical options of the R-2530 series. 
It is provided with a 3/8 inch diameter 

shaft which will take loads of 40 Ibs. axial 
and 35 Ibs. radial, also a series of seals 

that protect the electronics from the harsh 
operating environment. 


HOW TO ORDER 


To order you must supply the sales model number. Codes are shown in color. 


TT 


Resolution: 


Type Output: Number of 


Sine wave diff. Outputs: Defines 

Zero-crossing Single number of 

T2L compatible Dual 90° cycles in one 
quadrature revolution of 


Single + index code disc 


General Specifications: 

Operation temperature range 0 — 70°C 

Storage temperature range — 30° to +90°C 
Humidity 95% relative, no condensation 

Shock 50 g for 11 msec 

Vibration to 2000 H, at 15 g's 

Sand and dust — not ‘detrimental 

Bearing life 109 revolutions 

Torque .06 oz. in. 

Starting moment of inertia 5 x 10-4 oz. in. sec? 
Maximum acceleration 50,000 rad/sec? 
Maximum speed 5000 rpm 

Accuracy +2 min. of arc 

Direction of rotation — A leads B for CCW rotation when 
viewed from end of shaft. 


Electrical Specifications: 


Type 1 Output 
Output voltage 5 VDC + 5% 
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eee ee 


Signal conditioning electronics: Mounting Termination 
Direction sensing Option: 18-inch 
Direction sensing with 2 —Flange pigtail 
Direction sensing wth 4 —Servo DA15P 
times count multiplication MS3102 


Complimentary outputs, 
available with any of the 
above or with type 3 output. 


Channel A 0°, 180° 


Output waveform Channel B 90°. 270° 


100 MV MIN 
P-P 


25 MV MIN ne NN 
_——— INDEX 


INDEX 


Quadrature 90° + 450 
Output format — differential sine wave suitable for 
input to comparator. 
Output load required 470 {2 Typical 
Frequency response 
Data... .0to 50 KH, 
Index. . .0 to 30 KH. (Data) 


“FE” FLANGE cn” 
MOUNTING OPTION 


TOLERANCES UNLESS INDICATED 
AX = O06, KAUR # 0005 


OPTIONAL CONNECTOR LOCATION 


“S$” SERVO 
MOUNTING OPTION 


Type 2 Output: Quadrature 90° 45° VDC to 10 KHz 
Input voltage 5 VDC 5% VDC @ 100 ma Frequency response 
Output waveform Data... .0 to 50 KH, 
60%s45? ma Index. . .0 to 30 KHz (Data) 
is 279) 200 MV 
| MIN Direction Sensing: 
Nf General direction sensing is used to provide a logic indication of 
ov the direction of rotation as well as provide a means of increasing 
—+— encoder resolution. DS1 specifies a unit with direction sensing, 
{ DS2 specifies direction sensing with 2 times count multiplication 
and DS4 indicates 4 times count multiplication. 
D.C. OFFSET 
10% MAX 


Quadrature 90° +45° at 5 VDC at 10 KH, 

Output load impedance 10 k Qdmin for ratéd output voltage 

Frequency response CCW Channel A 
Data... .0 to 50 KH, Rotation 3n sec + 1n sec (typical) 


Index. . .0 to 30 KHz (Data) pulse width 
Type 3 Output 
Input voltage 5 VDC 5% VDC Channel B 


Output waveform: T<L compatible 


Channel A 


i 1 | 
moe OS CW Channel A 


Rotation 


90° +45° ELECTRICAL PHASING 
Channel B 
ae | Channel B 


—----—0 


Resolution: 
The following line counts are available as standard: 


LUADRATURE, SQUARE WAVE, TTL COMPATIBLE OUTPUT 1, 2,8, 48,50, 100, 120, 128, 150, 200, 250, 256, 264, 360, 
400, 402, 500, 508, 512, 600, 625, 635, 750, 850, 900, 1000, 
1024, 1035, 1250, 1280, 1500, 1683, 1714, 1800, 2000, 2500 


Other line counts within this range can be produced for a one- 
time tooling charge. 


51 


R-2540 


The R-2540 Series Dual Count Incremental 
shaft encoder offers the high reliability and 


versatility of the R-2530 with the advantage of 
providing output resolutions in both English and 


metric counts. The two outputs are generated 


from two separate code tracks on the same disc. 


Each track provides dual outputs in phase- 
quadrature for direction sensing. The user can 
select either code track at any one time by 


means of input select line. (logic 1 english 
logic 6 = metric) 


HOW TO ORDER 


Oras; 
oP 4 
c °, 


To order, you must supply the sales model number. Codes are shown in color. 


Type Output: Mechanical Number of 
Differential construction: Outputs: 
sine wave Specify S,L Single 
Zero- Dual 90° 
crossing quadrature 
TTL Single 
compatible + index 
Dual 
+ index 


General Specifications: 

Operation temperature range 0 — 55°C 

Storage temperature range — 30° to 90°C 
Humidity 95% relative, no condensation 

Bearing life 19% revolutions 

Torque .06 oz. in. 

Starting moment of inertia 34 x 10~° oz. in. sec 
Maximum acceleration 50,000 rad/sec 
Maximum speed 5000 rpm 

Accuracy +2 mins of arc 

Direction of rotation — A leads B for CCW rotation when 
viewed from end of shaft. 


2 


Electrical Specifications: 
Type 1 Output 
Input voltage 5 VDC +5° 
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Defines 


number of 
cycles in one 
revolution of 
code disc 


Output waveform 


LS 8 eee eee Ce ee ES 


Resolution: 


Signal conditioning electronics: Termination: tor 
18-inch special 
pigtail see 

Complimentary outputs, DA15P text 
available with any of the MS3102 for 
above or with type 3 output. 


Channel A 0°, 180° 
Channel B 90°, 270 


7 mae 
/ \ 

100 MV MIN 0° 180°, 270° \ 

P-P 


25 MV MIN 


INDEX INDEX 
OV 


Quadrature 90° + 45° 
Output format — differential sine wave suitable for 
input to comparator. 


options 


MECHANICAL OUTLINE MOUNTING OPTIONS 


| OPTIONAL 
| CONNECTORS: 


} | L VERSION ONLY X. 
; +6 4-40 x 1/4"" DP 6-32 % 1/4" DP 
18" CABLE 
2.5004002 12s! 3 PLCS on 1.325B.C. 3 PLCS on 2,000B.C. 
2.650 0 5 
(ae 9 9 


L =3.0" with Cable — Standard 
L =3.53” with Connector 

X =.19" DA15P Connector 

X =.43'° MS3102 Connector 
SHAFT 1/4” OD Standard 


3/8”. OD Optional 4-40 x 1/4" DP 4-40 x 3/16” DP 
4 PLCS on 1.000B.c. 4 PLCS on 2.000B.C. 


Optional 


Jutput load impedence 470 {2 
=requency response 


Data. ..0to 50 KHz _ 
Index ..0 to 20 KHz 


Type 2 Output 
Input voltage 5 VDC + 5% 
Output waveform 


90° + 45° ELECTRICAL 
Channel B 


g0° 
= * 


D.C. OFFSET 
10% MAX Resolution: 
Dual count encoders permit selection of one of 
Quadrature 90°+ 45° at 5 VDC at 10 KHz two different line counts by means of a logic “1” 
Output load impedance 10 k{2 min for rated output or “0” on an input line. The following dual line 
voltage counts are available as standard: 


Frequency response 50 KHz 
Data. ..0to 50 KHz 
Index. .0 to 20 KHz 


Type 3 Output 

Input voltage 5 VDC + 5% . _ 

Output waveform: TTL compatible Other line counts within the range of 1 to 2500 can 
Quadrature 90° + 45° VDC at 10 KH, be produced for a one-time tooling change. 
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R-2540XD 


The R-2540XH Series is a Heavy Duty version 
of the R-2540. It has been designed to be 
extremely rugged and reliable for those heavy 
duty machine tool and process control 
applications. Like the R-2540 this encoder is 
available with switch selectible english/metric 
outputs. Also additional signal conditioning is 
available such as x2, or x5 interpolation 
providing standard output as high as 12,700 
counts per revolution. 


HOW TO ORDER 


y : of POFOr,. 
% 


To order you must supply the sales model number. Codes are shown in color. 


~ -- - — —§S 
Number of Resolution: Signal conditioning Terminates Special 
Outputs: Defines number Interpolation 18-inch see text 
Singles ‘ of cycles in one times 2 pigtail for 
Dual 90 revolution of Interpolation DA15P options 
quadrature code disc times 5 MS3102 
English/metric 
or single 
revolution 


General Specifications: 


Operation temperature range 0 — 55°C 

Storage temperature range — 30° to +95°C 
Humidity 95% relative, no condensation 

Shock 50 g for 11 msec 

Vibration to 2000 au at 15 Q's 

Sand and dust — not detrimental 

Bearing life 109 revolutions 

Torque .06 oz. in. 

Starting moment of inertia 5 x 10-4 oz. in. sec? 
Maximum acceleration 50,000 rad/sec? 
Maximum speed 5000 rpm 

Accuracy +2 min. of arc 

Direction of rotation — A leads B for CCW rotation when 
viewed from end of shaft. 


Electrical Specifications: 


Type 1 Output 
Output voltage 5 VDC +5% 
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Signal conditioning electronics: 
Interpolation 
General interpolation is an electronic detection method 
used to increase the resolution of an encoder by a 
factor of 2 or by 5 


The output characteristics of an interpolate encoder 
are considerably different than a typical direct unit. 
The usual terminology of quadrature accuracy and 
symmetry ratio have little meaning and should not be 
used. (For example, it is possible to have a given 
transition out of its correct position by as much as one 
cycle — 360° — and the encoder will still count 
correctly). 


A more useful term is transition accuracy (T.A.). This 
describes how far any given transition is from its correc 
location. It is expressed in percent of a quantum (Q), 
where a quantum is the interval between adjacent 
transitions. 


OPTIONAL: 
DA15P OR 


MS3102 
CONNECTOR 


2.500 + .002 
DIA. 


2.650 
DIA. 


1 ' ONE QUANTUM 
<—=- 
iy {a} 


Nhen the encoder is operated at constant speed the 
outputs as displayed on a scope are shown at the right. 


specifications: B 
conditions: Supply voltage 5.0 0.25 VDC 


Temperature 0 to 55°C ES Dini: 
TRIG 
Disc Resolution: (cycles per turn) #1 
1270 and Below TRIG. 
Transition Quanta #2 

For INT 2 Units Accuracy Minimum 

At 20 KC +0.5 Qn 0.5 Qn 

At 100 KC +1 Qn 0.2 Qn 
For INT 5 Units ccwW —= 

At 50 KC +1 Qn 0.5 Qy 

At 250 KC +2 Qn 0.2 On 

Above 1270 
Transition Quanta 

For INT 2 Units Accuracy Minimum 

At 20 KC £1 QN 0.25 ON INT 2 

At 100 KC +1.5 Qn 0.1 Qn TYPICAL 
For INT 5 Units 

At 50 KC +2 Qn 0.25 Qn 

At 250 KC +3 Qn 0.1 Qy 
Qn = Q Nominal 


R-2553 


The R-2533 Series absolute position encoder 
is available in either natural binary, binary 
coded decimal or grey code with up to 12 bits 
parrallel as standard resolution. 


This absolute encoder provides a ‘whole 
word” output that assures an exact reading of 
shaft position in those applications where 
power to the encoder or system has been 
interrupted and then reinstated. 


Low resolution absolute encoder (8 bits & under) 
offer an optional latch output (quick look). 
Modular kit absolute encoders are also available 
for mounting to DC servomotors. 


HOW TO ORDER 
To order, you must supply sales model number. Codes are shown in color 


Resolution Output code Terminations: for special see below For complementary outputs 
(see list) (see list) 18-inch pigtail 
DB25P connector 


General Specifications 


Operating temperature range 0 — 50°C 
Storage temperature range — 30°C to + 90°C 
Humidity 95% relative, no condensation 


Bearing life — 109 revolutions — § Special order options 

Torque .05 oz. in. The following list of special order options can be supplied 
Starting moment of inertia 34 x 10—° oz. in. sec? Please specify with order. 

Maximum acceleration 50,000 rad/sec? 

Maximum speed 5000 rpm (non operative) — Shaft seal 

Direction of rotation, CCW Standard, CW optional — Low torque (.01 oz. in.) 

Output waveform — T?L compatible — Special output (cmos, line drives, etc.) 

Input voltage 5 VDC + 5% — Alternate face mounting hole pattern 


Frequency Response 50 KHz 
Accuracy + 1/2 bit 


Special terminations, cables with connectors, etc. 
Latch (Quick look) 
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2.650 # “a 8 
2.500 + .002 7 i .125 .190 ¥ 


— optional connector 


Optional Ee . 
4-40 X 3/16 DP pigtail exit 
4 places on 2.000 B.C. 
* Length depends on exact combination of code, resolutions and termination. 
For 8 bit CG and NB length is 1.98 min. to 2.73 max. For all other lengths is 
4.75 min. to 6.0 max. 


LATCH OUTPUT OPTION DESCRIPTION Code Resolution 
Grey Code bit 


256 unique words per turn 
The latch output option provides up to 8 bits 


; Natural Binary bit = 512 unique words per turn 
of storage, allowing for the holding (latch) of bit = 1024 unique words per turn 
a shaft angle position code while the shaft bit = 2048 unique words per turn 
continues to rotate. The position code is bit = 4096 unique words per turn 
refreshed upon demand by the operator and 
will provide the exact shaft angle code as of (8421) (0-99) wile words perturn 
the time of last inquiry. The latch option may (8421) (0-359) a words per turn 

(8421) (0-999) unique words per turn 


be disabled by the operator at which time the 
output signals will continue to change with 
shaft rotation. The engaging and disengaging 
of the latch option is accomplished thru the 
input line. 


(0-1999) unique words per turn 
(0-3599) unique words per turn 


Complimentary outputs are also available, add a C at the end 

of the resolution code. For example if you want an encoder 

with 8 bits of natural binary plus compliments you would specify 
8 NBC as the output and resolution model number. 
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M-100/M-110 


The model M-100 is a separate moving coil tachometer 
designed for use in applications requiring high quality 
velocity feedback is with minimum system inertia load. 
Commutators are manufactured from coil silver and 
are diamond cut after assembly to a surface finish 
better than .000020. Very long life—exceeding 10,000 
hours at 3,000 RPM—may be obtained even in systems 
where high frequency shaft reversal and start-stop 
Operation is a normal operating mode. 


The model M-110 is a modular version of the same 
tachometer integrally mounted to any Electro-Craft 
servomotor. Shaft coupling problems are totally elimi- 
nated and due to the very low inertia of the tachometer 
armature, the lowest shaft torsional resonant frequency 
exceeds 3.5 KHz. 


HOW TO ORDER 
To order, you must supply sales model number. For complete tachometer order 


tach winding for special requirements 
(A winding add S and specify 
supplied unless 

otherwise 

specified) 


For modular tachometer order 
motor model Winding model / ~~ “tach winding for special 


The M-110 tachometer can be supplied with any Electro-Craft motor. 


Typical oscilloscope picture of M-100/M-110 tachometer 
output showing AC ripple component 


~ ' d | | 4 % 
se * 


STANDARD RIPPLE FILTER SCHEMATIC 


10k&2 


Tachometer 0.10uF 


i 


% 


Filtered 
Output 


: DC voltage =3 


MOUNTING SURFACE M-110 MODEL 


3.0 REF. 
.625 2.37 REF. 
062 Seg 
.093 


a 
ii 


“ WIRE EXIT — 
02 x 45 THIS SIDE ONLY 


1.281 DIA 


#2-56 x 1/8 DP. 3 HOLES 
ON .875 DIA, B.C. 


Cable: 2 cond. shid,, bik. and red, A.W.G. 22, 2441" Ig., .210.D. 
Polarity: W/C.W. Rotation viewed from shaft - Red = Pos. 


PERFORMANCE SPECIFICATIONS 


Parameter Value Units 
Linearity ide % Max. Deviation from Perfect Linearity 
Ripple 
M-100 1.5 Max Percentage Peak to Peak AC 
M-110 2 Component in DC output at 167 to 6,000 RPM 
Ripple Frequency 19 Cycles/Revolution 
Speed Range 1-6,000 RPM 
Temperature Coefficent —.01 %/°C 
Armature Inertia 
M-100 9x10-5 oz. in. sec? 
M-110 7x10-5 Oz. in. sec? 
Insulation Resistance 10 Megohm 
Friction Torque .25 oz. in., max. 
Torsional Resonant Frequency 
When Coupled to an 
Electro-Craft MCM Servomotor 3.5 KHz, min. 
Rated Operating Life 10,000 Hours at 3,000 RPM 
Operating Temperature Range 0-155 a 


WINDING VARIATIONS 


Winding 
Winding Constants lal 5 
Output Voltage Gradient (Volts/K RPM) 3.0 2.5 
Armature Resistance (ohms) 160 160 
Armature Inducance (mhy) 4 4 
Recommended Minimum Load Impedance (ohms) 10,000 10,000 


59 


E-591/E-596 


The Model E-591 separate permanent-magnet 
tachometer is a precision DC rate generator suit- 
able for use in a wide range of industrial velocity 
and position control systems where extremely 
low inertia or ripple is not required. The E-591 is 
supplied with standard base and face mounting. 


The Model E-596 is a modular version of the same 
tachometer integrally coupled to an Electro-Craft 
servomotor. 


HOW TO ORDER 


To order, you must supply sales model number. For complete tachometer order 


tach winding for special 


For modular tachometer order 


motor mode! motor winding tach winding for special 


The E-596 tachometer can be supplied with all E-500, E-600, and E-700 series motors. 


Typcial oscilloscope picture of E-591/596 tachometer STANDARD RIPPLE FILTER SCHEMATIC 
output showing A. C. ripple component 
ne 12kQ 


20mV ima : | 10mSi- 


aun 
seoteg Al 


H. irre Tachometer _——— 6. 13uF 
CME = Opti 1% 
a 0 ye _ 
j, Swniie mes ‘os Bais . ter 
4 " , | | %y cial 


+ 


| 


DC Voltage = 7.31 
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.235 + 001 FLAT 


+.000 
—.002 


6-32 UNC-2B, (4) EQ SP 
ON A 1.531 DIA B.C. 


1.000 DIA 


nee 


2.9 REF 
2.00 DIA REF ‘ 230 


- d 
1.02 DIA REF ot} be 198 ; 
A - 1.163 REF ! | 


1 WHITE, X 18” LG MIN faa 
11/2 REF 3 1/8 REF 


SHAFT RUNOUT .007 IN./IN. 


PERFORMANCE SPECIFICATIONS 


Parameter Value Units 
Linearity Re % Max. Deviation from Perfect Linearity 
Ripple 5 Max. Percentage Peak to Peak AC 

Component in DC output at 500 RPM 
Ripple Frequency 11 Cycles/Revolution 
Speed Range 1-8,000 RPM 
Temperature Coefficient —.05 %/°C 
Armature Inertia 1.4x10~° oz. in. sec? 
Insulation Resistance 10 Megohm 
Friction Torque 3 Oz. in., max. 
Rated Life 5,000 Hours at 3 KPRM 
Operating Temperature Range 0-75 a 

WINDING VARIATIONS 
Winding 
Winding Constants AL BB Cc BD 
Output Voltage Gradient (Volts/KPRM) 3.0 7.0 14.2 21 
Armature Resistance (ohms) 570 570 720 950 
(includes temperature compensation network) 

Armature Inductance (mhy) 6.2 33 138 255 
Optimum Load Impedance (ohms) 5,000 5,000 5,000 10,000 
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E-796 


The E-796 modular tachometer is used with 

larger servomotors in applications requiring a 
rugged mechanical construction with a large 

diameter thru-shaft. Shown at the right is an 
E-703 servomotor with and E-796 integrally 

mounted. 


HOW TO ORDER 


To order, you must supply sales model number. For complete tachometer order 


motor model motor winding tach winding for special 


The E-796 modular tachometer can be supplied with all E-700 series, E-5260, and M-1700 servomotors. 


Typical oscilloscope picture of E-796 tachometer STANDARD RIPPLE FILTER SCHEMATIC 


output showing A.C. ripple component 


| a 12k 
10m _10mS, 

LUMI ICME I) tachometer 
Ea AAV | 
, usd _ 


sal 7 


R = Optimum 
Load Impedance 


0.13uF 


Filtered 
Output 


—— 


D.C. voltage = 3.74 


62 


LENGTH OF SHAFT 
OPTIONAL, DIAMETER 2.500 
5000 MAX 

4-40UNC-2B (2) EQ SP 

ON A 1.812 DIA BC 08 


4.00 DIA REF 


#20 AWG, 1 GREEN, 


700 SERIES MOTOR 
2.559 * 90° DIA | 


( i 1 WHITE, X 18 LG MIN 


PERFORMANCE SPECIFICATIONS 


Parameter Value Units” 

Linearity 2 % Max. Deviation from Perfect Linearity 

Ripple 5 Max. Percentage Peak to Peak AC 
Component in DC output at 500 RPM 

Ripple Frequency 21 Cycles/Revolution 

Speed Range 1-4000 RPM 

Temperature Coefficient .05 %/°C 

Armature Inertia .04 oz. in. sec? 

Insulation Resistance 10 Megohm 

Friction Torque 7 Oz. In., max. 

Rated Life 10,000 Hours at 4 KRPM 

Operating Temperature Range 0-75 a © 


WINDING VARIATIONS 


Winding 
Winding Constants mae ss —- 
Output Voltage Gradient (Volts/K RPM) 3.0 7.0 14.2 
Armature Resistance (ohms) 535 550 570 
(includes temperature compensation network) 
Armature Inductance (mhy) 5 2.0 8 
Optimum Load Impedance (ohms) 5,000 5,000 5,000 


Servomotor Controllers 


Based upon broad applications experience, 
Electro-Craft has assembled a selection of 
predesigned servomotor control systems. 
Consisting of a sophisticated four quadrant 
servo control amplifier and a high perfor- 
mance DC motor, these systems are avail- 
able for immediate application where their 
specifications meet your design criteria. 


In the following section, you will find 
complete specifications and performance 
data on the Electro-Craft motor control 
line, 
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P6000 SERIES 


SERVO MOTOR CONTROLS 

RATINGS P6100 P6200 P6300 

Voltage at Rated 

Current +60V + 55V + 55V 

Rated Current 7A 15A 15A 

Peak Current 12A 20A 25A 

Rated Power 420W 825W 825W 

Peak Power 670W 1000W 1150W 

. BENCH 

Bandwidth 1000Hz 1000Hz 1000Hz ENCLOSURE 
FEATURES 
Unique Open Modular Construction Quiet Operation 
Completely self contained 115/230 V AC or DC Power Options 
Plug in Standard or Custom Options Independent Average and Peak Current Limits 
Regenerative Energy Protected Crow-Bar Protected AC Power Supply 
DESCRIPTION 


The P6000 series are the fastest response pluse width modulated servo controls competitively available, providing band- 
widths at full load exceeding 1000 Hz. The unique fixed frequency design gives quiet operations free from annoying 
audible ‘‘chirps’’. The standard unit, which is available for operation from AC line, has the following features: three input 
fully adjustable summing amplifier with independent gain and lead-lag adjustment to enable operation with a wide range 
of motor and load types; a dual stage current limiter providing independent adjustment of peak and average current limit 
as well as pulse duration; unique crowbar protection which protects the amplifier from damage due to short circuits, 
motor failure or misuse; space for two 4-5/16 x 2-3/4” option cards which can be selected from a wide range of standard 
options or custom designed options; logic compatible end of travel limit and clamping inputs; all major subassemblies are 
mounted on plug-in connectors to enable replacement without the need to change the entire unit; and all major test 
points are brought out to a 14 pin array for fast, easy troubleshooting and set up. This, combined with the unique open 
construction, makes the P6000 series the most accessible and serviceable units of their type available. The P6000 series 
amplifiers can be readily adapted, by means of plug-in options, for interfacing with an unlimited range of remote inputs, 
programmers, and computer controls. Large volume users can purchase the basic modules and harnesses for use in appli- 
cations where space and cost are critical. 

The P6000 amplifiers are also available in Electro-Craft’s D.P.S. range of Digital Positioning Systems which typically can 
provide fully programmable step motion drives capable of completing single steps of 1.8° in 8 ms including settling, 
and slew speeds of 15,000 steps per second with inertial loads of 0.5 0z. in. sec2*and friction loads of 100 oz. in. The 
D.P.S. series are available in a wide range of step sizes; consult our factory for further details. 


HOW TO ORDER 


Specify model number followed by enclosure option code in parenthesis e.g. . List other 
options from pages 70 and 71 separately. 
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19”” RACK 


OPEN 
CHASSIS 


(STANDARD 
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ENCLOSURE VERSION) 
P6100 P6200 P6300 
Parameter Conditions Value Value Value 
Output Maximum +75 V +75 V +75 V 
Voltage At continuous rated current (nominal) +60 V +55 V +55 V 
At continuous rated current (low line) +53 V +50 V +50 V 
At peak rated current (nominal) +56 V +50 V +47V 
At peak rated current (low line) +50 V +47V +47 V 
Current Continuous rated (independent of line) 7A 15A 15A 
Peak rated (100 msec maximum) 
(independent of line) 12A 20A 25A 
Power Maximum continuous (nominal line) 420 W 825 W 825 W 
(low line) 370 W 750 W 750 W 
Maximun peak (nominal line) 670 W 1000 W 1150 W 
(low line) 600 W 940 W 1070 W 
Temperature Operating 0-50°C 0-50°C 0-50°C 
Range Storage —30° to 80°C —30° to 80°C —30° to 80°C 
Ripple E = Output voltage (Avg) 4900-E2 5625-E2 5625-E2 
Current | = Output current (RMS) R =3080:1 “°°? \. =3300:L “PP IR =3300:L “PP 
(Ip) L = Load inductance (mH) V/,, |r? V/,, _'R? IR2 
Form Factor Typically <1.01 FF= 1+ FF= 1+ FF = 1+ 
12-L2 12-L2 12-L2 
Parmeter Conditions Value Value Value 
Voltage Nominal (single phase) 115/230v RMS 115/230v RMS 115/230v RMS 
High line (single phase) 125/250v RMS 125/230v RMS 125/230v RMS 
Low line (single phase) 105/210v RMS 105/210v RMS 105/210v RMS 
Frequency (single phase) 50/60 Hz 50/60 Hz 50/60 Hz 
Current Continuous 6.2 Amps RMS 13 Amps RMS 13 Amps RMS 
Peak (for 100 msec) 10.7 Amps RMS 17 Amps RMS 22 Amps RMS 
Parameter Conditions Value Value Value 
Audible Noise 
Generation All conditions (excludes fan) None None None 
Modulation 
Frequency All conditions (fixed) 15 kHz nom 15 kHz nom 8 kHz nom 


INDUSTRIAL 
NEMA 12 
ENCLOSURE 


Parameter 


Frequency 
Response 


Gain 


Offset Voltage 


Conditions 


Open loop — 3db point 


Open loop (adjustable) reference input 
Open loop (adjustable) velocity tach input 
Open loop (selectable) auxiliary 


P6100 
Value 


1 Khz nom 


0-3750 Amps/volt 
0-1380 Amps/voit 
0-3750 Amps/volt 


adjustable to zero 


P6200 


Value 


1 kHz nom 


0-7500 Amps/volt 
0-2760 Amps/volt 
0-7500 Amps/volt 


adjustable to zero 


P6300 
Value 


1 kHz nom 


0-7500 Amps/volt 
0-2760 Amps/volt 
0-7500 Amps/volit 


adjustable to zero 


Deadband negligible negligible negligible 
Drift Maximum gain referred to input, auxiliary 
é , uv uv uv 
input not in use 20 oC nom 20 oC nom 20 oc nom 
For details consult 741 op-amp data. 
Parameter Conditions Value Value Value 


Current Limit 
Peak Current 


Average Current 


Cro-Bar 

Time to Clear Fuse 
Time to Reduce 
Power Input to 10v 


Current Monitor 
Output Signal 
Remote Current 
Limits Pots 


End of Travel 
Limts and 
Amplifier Clamp 


External Connections 


Dual stage, independent peak and 
average limits 
Range (adjustable) 


Duration (adjustable) 


Range (adjustable) 


Amplifier output shorted + to — or to ground 


Amplifier output shorted + to — or to ground 


Peak 
Average 


Enable 
Inhibit 
or 

Enable 
Inhibit 


Average setting to 
12 A nom 

10 msec to 100 
msec nom 

3 to 7 A nom 


4 msec nom 


500 UMsec nom 


Av/A 


10k &2 
20k () 


switch closure 
switch open 


TTL low 
TTiL high 


Average setting to 
25 A nom 

10 msec to 100 
msec nom 

6 to 16 A nom 


4 msec nom 


500 MM sec nom 


.2v/A 


10k Q 
20k () 


switch closure 
switch open 


TTL low 
TTL high 


Pin & socket connectors (mating connectors are supplied with each unit). 


Average setting to 
25 A nom 

50 msec to 400 
msec nom 

6 to 15 A nom 


4 msec nom 


500 Lt sec nom 


.2v/A 


10k ¢) 
20k () 


switch closure 
switch open 


TTL low 
TTL high 
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P6100 MAXIMUM OUTPUT 
VOLTAGE VS CURRENT 


MOTOR CONTROL DIMENSIONS 
Open Chassis Model 


This is the standard configuration for P6000 series 
motor control, the unit may be mounted in any orienta- 
tion and should be enclosed by the customer to avoid 
accidental contact with live parts in the control. 


(enclost 


imeem mee Recommended clearance for access 


0 oo AOC) 


0 
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PEAK CURRENT ve 


4 —s 12 16 
OUTPUT CURRENT (A) 


Rack Enclosure 


The motor control can be supplied in a standard 19” 
rack enclosure complete with power switch and lamp 
mounted on front panel. The enclosure provides 


mechanical protection, protection from shock hazards 
should be provided by the rack cabinet in which the unit 
is mounted. Electro-Craft can provide a variety of rack 
cabinets and enclosures; for details contact the factory 


sales office. 
FRONT 
—_ —__e_—~ 
] 
ki IBp64 2 a " 
9/ io bes \/4 
a eT aa 


REAR 


6-1/2 
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P6200/P6300 MAXIMUM OUTPUT 
VOLTAGE VS CURRENT 60 


OUTPUT VOLTAGE (Vv) 
8 


& a 

Ss < 

a S 

& & 

20 5 5 

a. a 

E | = 

~ = 

3 fs) 

"4 4 

— < 

Ww Ww 

a a. 

10 15 20 25 30 
OUTPUT CURRENT (A) 
Industrial Enclosure Bench Enclosure 
This Nema 12 enclosure is recommended for industrial This enclosure is designed for free standing laboratory 
environments. Standard finish is light blue (DuPont type applications. The enclosure provides mechanical 
93-63189). Special finishes can be provided. Cable entry and shock hazard protection. A power switch and lamp 
glands are provided loose for customer mounting. are provided on the front of the unit. 
(enclosure option code N12) (enclosure option code BEN) 
5/8 7/18 DIA (2) — 3 


ss | tp Ie" x 2 j 
ian =~. 19-1/2 
io 
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Speed Meter (Option Number SM505) 


Center zero meter with scale 5000-0-5000 rpm 
to indicate motor speed +5%. Available as a 
loose kit or mounted in controller panel on 
enclosed units. 


Torque Meter (Option Number TM505) 


Center zero meter with scale 5-0-5 oz. in. x 10 
or 100 to indicate total torque generated by 
motor +5%. Available as a loose kit or mounted 
in controller panel on enclosed units. 


Speed/Torque Meter (Option STM505) 


Combined meter with, scales for both speed 
and torque as previously described. Option 
includes toggle switch for selecting speed or 
torque read out. Available as a loose kit or 
mounted in controller panel on enclosed units. 
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Ramp Generator (Option RG!) 


Plug in printed circuit card providing adjustable 
acceleration and deceleration rate. Solid state 
inputs permit the selection of two acceleration 
rates and two deceleration rates. Two run/stop 
inputs permit external selection of two running 
speeds or control by an external analog speed 
command derived from a potentiometer or an 
automatic control source. To order specify 
option number, if ordered with a P6000 ampli- 
fier the ramp generator will be supplied installed 
in the amplifier. Switches and speed controls 
for use with the ramp generator can be ordered 
from the control options following. 


Speed and Torque Controls 


10 Turn 1 Turn 


Option Numbers Speed SP10 SP1 
Torque TP10 TF) 


Optional controls for external adjustment of 
motor speed or torque. These options are 
available as single or ten turn controls and are 
complete with knob or turn counting dial 
where appropriate. On enclosed controllers 
these options can be supplied mounted in the 
controller front panel. The option includes a 
reversing switch with off position. 


Run Stop Switch (Option Number RSS!) 


This three position switch enables the motor to 
run at the set speed, stop under full control 
using the full braking capacity of the drive or 
stop in a mode where the motor is free to rotate 
by hand. This option can be supplied loose or 
mounted in the front panel on enclosed models. 


73 


9000 AMPLIFIER 


Parameter 


Output 
Voltage 


Current 


Power 


Temperature 


Range 


Parameter 


Voltage 


Frequency 


Parameter 


Frequency 
Response 


Gain 
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Conditions 


Maximum 

At continuous rated current (nominal) 
At continuous rated current (low line) 
At peak rated current (nominal) 

At peak rated current (low line) 


Continuous rated (independent of line) 
Peak rated (500 msec maximum) 
(independent of line) 


Maximum continuous (nominal line) 


(low line) 
Maximum peak (nominal line) 
(low line) 
Operating 
Storage 
Conditions 
Nominal (single phase) 
High line (single phase) 
Low line (single phase) 
(single phase) 
Conditions 


Open loop — 3 db point 


Open loop (adjustable) reference input 
Open loop (adjustable) velocity tach input 
Open loop (selectable) auxiliary 


9215 


Value 


+90 V 
£72 ¥ 
+64 Vv 
+67 V 
+60 V 


7A 


15A 


500 W 
450 W 
1000 W 
900 W 


0-50°C 
—30° to 80°C 


Value 


115/230v RMS 
125/250v RMS 
105/210v RMS 


50/60 Hz 


Value 


1 Khz nom 
0-3750 Amps/V 


0-1380 Amps/V 
0-3750 Amps/V 


9230 
Value 


+90 V 
+66 V 
+60 V 
+56 V 
+50 V 


15A 


30A 


990 W 
900 W 
1680 W 
1500 W 


0-50°C 
—30° to 80°C 


Value 


115/230v RMS 
125/230v RMS 
105/210v RMS 


50/60 Hz 


Value 


1 Khz nom 
0-7500 Amps/V 


0-2760 Amps/V 
0-7500 Amps/V 


Cro-Bar 

Time to Clear Fuse 
Time to Reduce 
Power Input to 10V 


Current Monitor 
Output Signal 
Remote Current 
Limit Pot 

End of Travel 
Limits and 
Amplifier Clamp 


Pin & Socket connectors (mating connectors are supplied with each unit). 


0.228 DIA (4 PLACES) 


Amplifier output shorted + to — or to ground 


Amplifier output short + to — or to ground 


Enable 
Inhibit 
or 

Enable 
Inhibit 


1°T 
Logic Supplies 


Regenerative Energy 


4 msec nom 


500 Usec nom 


125 V/A 
10k 

OV 

OV 
5-15 V 


00 V 
5-15 V 


Parameter Conditions Value Value 

Offset Voltage adjustable to 0 adjustable to 0 

Deadband negligible negligible 

Drift Maximum gain referred to input, ui eng 

auxiliary input not in use 20 5. mom 20 9 nom 

For details consult 741 op-amp data C C 

Parameter Conditions Value Value 

Current Limit Range (adjustable) 15 A Max 30 A Max 


4 msec nom 


500 Msec nom 
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Servomotor Control Systems 


The following pages describe off-the-shelf 
combinations of high performance servo- 
motors and regenerative servo controllers. 


The systems are suitable for all types of 
high performance speed and position con- 
trols where bi-directional (four quadrant) 
operation Is required. 


The servo motor controllers are described 
fully in the previous section (starting on 
page 63) and are available with all of the 
options described in that section. 


These control packages are fully pre- 
adjusted and run-in for 48 hours prior to 
shipment. 
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O400-00-049 


HOW TO ORDER 


Here: 
CONTROL ASSEMSLy 
- 


To order a motor control system specify the motor type using the nine digit part number and the motor control using 


the ordering code described on page 65. 


lf you require an optical encoder or other special configuration on the motor add ‘S’ to the end of the part number and 


describe your special requirement. 


Motor Control Model 
Maximum Speed (No Load) 
Maximum Continuous Torque Output 
Maximum Continuous Power Output 
Maximum Peak Torque Output 
“Speed Regulation (Typical) 
*Speed Range (Typical) 


Torque Constant 

Voltage Constant 

Terminal Resistance 

Armature Moment of Inertia 

Rotational Loss Torque 

Static Friction Torque 

Armature Inductance 

Armature to Ambient Thermal Resistance 
Maximum Armature Temperature 


Voltage Gradient 
Terminal Resistance 
Armature Inductance 
Ripple Amplitude 
Ripple Frequency 
Temperature Stability 
Linearity 


P6100AP 
6000 


P6200AP 


1000:1 


“Speed range represents the speed range for which the specified regulation applies. 
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P6300AP 


rom 

Oz. In. 

Watts 

Oz. iff. 

% of set speed 


oz. in./A + 10% 
V/krpm + 10% 
§2 at 25°C + 15% 
Oz. in. $.2 

oz. in./krpm 


V/krpm + 10% 
§2 at 250C + 15% 
mH 

% of DC output 
Cycles per rev. 
%/OC 

% max error 


1/2" CONDUIT CONNECTOR 


CONNECTION VIEW 
OF PCB 


System if fully 
regenerative and can 


4000 


= 
operate in all — 

(a) 
four speed/torque 5 
quadrants 2000 


1000 


MT SERIES GENERAL INFORMATION 


OGY 


A Hf, 


PE 
} le OUTPUT OUTPUT 


25 50 5 100 125 150 


TORQUE (OZ. IN.) 


1/4-20 UNC 28 THRU 
(4) ON A 
3,760 DIABL, 


MAXIMUM SPEED VS TORQUE OUTPUT 


Typical speed regulation 


P6200AP 


TYPICAL SHAFT TOLERANCES 


Shaft perpendicularity to mounting face 0.010 in/in 

Shaft concentricity to mounting pilot 0.005 in 

Shaft end play +0.004 in maximum 
Shaft radial play +0.0015 in maximum 
Maximum shaft radial load +30 Ibs 

Maximum shaft thrust load +30 Ibs 

MOTOR LIFE 


Motor life is limited mainly by brush life; the design brush life of the 
MT series servo motors ts: 


3 x 108 revolutions at 60% rated load, and; 
2x 107 start stop cycles at 60% rated load. 


Many factors affect brush life and in most applications actual life 
results in the order of five to ten years are not unusual. 


RECOMMENDED WIRE SIZES 


Motor armature 14 gage 
Tachometer 18 gage 
Position encoder 24 gage (optional) 
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2% of set speed over 1000:1 


0660-06-01] 


HOW TO ORDER 


To order a motor control system specify the motor type using the nine digit part number and the motor control using 
the ordering code described on page 65. 


If you require an optical encoder or other special configuration on the motor add ‘S’ to the end of the part number and 
describe your special requirement. 


“Speed range represents the speed range for which the specified regulation applies. 
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Motor Control Model P6100AP P6200AP P6300AP 
Maximum Speed (No Load) 4000 4000 4000 rpm 
Maximum Continuous Torque Output at Stall 120 120 120 OZ. in. 
Maximum Continuous Power Output 270 270 270 Watts 
Maximum Peak Torque Output 240 410 515 OZ. in. 

*Speed Regulation (Typical) —2 —2 —2 % of set speed 

*Speed Range (Typical) 1000:1 1000:1 1000:1 <= 
Torque Constant 21 oz. in./A + 10% 
Voltage Constant 16 V/krpm + 10% 
Terminal Resistance 1.15 §2 at 25°C + 15% 
Armature Moment of Inertia 03 oz. in. s.2 
Rotational Loss Torque 1.0 oz. in./krpm 
Static Friction Torque 7.0 oz. in 
Armature Inductance 4 mH 
Armature to Ambient Thermal Resistance 2.8 OC/Watt 
Maximum Armature Temperature 155 oC 
Voltage Gradient 14.2 V/krpm + 10% 
Terminal Resistance 750 (2 at 25°C + 15% 
Armature Inductance 140 mH 
Ripple Amplitude 5 % of DC output 
Ripple Frequency 11 Cycles per rev. 
Temperature Stability —0.05 %/OC 
Linearity 0.20 % max error 


5000 Doge DIA 
3.6 REF 7.850 REF 
3.000 eres DIA 
3.12 DIA. REF. 5.150 REF -. 
i 1/4-20UNC-2B, (4) EQ SP 
i ON A 3.750 DIA. BC. 


4.25 DIA REF 


| 
41 rl | 
RO 1.47 + .03 
: #16 AWG, 1 BLCK, KEYWAY FOR 1/8 SQ X 
| REF. | 1 RED, X 24” LG. MIN. 15/16 LONG KEY 


#20 AWG, 1 GREEN, 
1 WHITE, X 24” LG MIN 


MAXIMUM SPEED VS TORQUE OUTPUT 


MAXIMUM CONTINUOUS OUTPUT 


3000 
PEAK OUTPUT P6100AP 
System if fully _ 
regenerative and can = ' 
samiialanall & PEAK OUTPUT Typical speed regulation 
Q 2000 
. w 2% of set speed over 1000:1 

four speed/torque rs 
quadrants ap 

1000 f 

100 200 300 400 500 600 
TORQUE (OZ. IN.) 

TYPICAL SHAFT TOLERANCES MOTOR LIFE 
Shaft perpendicularity to mounting face 0.010 in/in Motor life is limited mainly by brush life; the design brush life 
Shaft concentricity to mounting pilot 0.005 in of these servo motors is: 
Shaft end play +.01 in maximum 3 x 108 revolutions at 60% rated load, and; 
Shaft radial play +0.0015 in maximum 2x 107 start stop cycles at 60% rated load. 
Maximum shaft radial load +30 Ibs Many factors affect brush life and in most applications actual life 
Maximum shaft thrust load +30 Ibs results in the order of five to ten years are not unusual. 


RECOMMENDED WIRE SIZES 


Motor armature - 14 gags; Tachometer - 18 gage 
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0660-08-014 


HOW TO ORDER 


To order a motor control system specify the motor type using the nine digit part number and the motor control using 


the ordering code described on page 65. 


If you require an optical encoder or other special configuration on the motor add ’S’ to the end of the part number and 


describe your special requirement. 


Motor Control Model 
Maximum Speed (No Load Peak) 


Maximum Continuous Torque Output at Stall 


Maximum Continuous Power Output 
Maximum Peak Torque Output 
“Speed Regulation (Typical) 
“Speed Range (Typical) 


Torque Constant 

Voltage Constant 

Terminal Resistance 

Armature Moment of Inertia 

Rotational Loss Torque 

Static Friction Torque 

Armature Inductance 

Armature to Ambient Thermal Resistance 
Maximum Armature Temperature 


Voltage Gradient 
Terminal Resistance 
Armature Inductance 
Ripple Amplitude 
Ripple Frequency 
Temperature Stability 
Linearity 


P6200AP 
6000 


P6300AP 


6000 


=—N-~- Odo — 
nHRAooowo > 
Wo oO 


O1 
O1 


~jJ— 
as 
Cn 


140 


oO; -o 
No 
To 

ol 


“Speed range represents the speed range for which the specified regulation applies. 
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* % 
rpm 


OZ. In. 
Watts 
OZ. in. 
% of set speed 


oz. in./A + 10% 
V/krpm + 10% 
{2 at 250C + 15% 
Oz. in. s2 

oz. in./krpm 

Oz. in. 

mH 

OC/Watt 

OC 


V/krpm + 10% 
Qlat 259°C + 15% 
mH 

% of DC output 
Cycles per rev. 
%/OC 

% max error 


+,0000 
5000 ““hogg DIA 


1.25 FULL DEPTH 
10-32 UNF-2B, (4) EQ SP 
ON A 2.500 DIA B.C. 
45 + .01 FLAT 
F 3.25 DIA REF 


ee : 
a 
Ir #16 AWG, 1 BLACK eae | \ 


1 RED, X 24" LG MIN 


REF. #20 AWG, 1 GREEN 
1 WHITE, X 24” LG MIN 
2.9 REF | 


3.6 REF 


3.12 DIA REF(2) 


MAXIMUM SPEED VS TORQUE OUTPUT 


5000 
System if fully Typical 4 bail 
; | 
regenerative and can ng “ _ vise a 1 
: OT se = 
operate in all 4000 = 6 of set speed over 
four speed/torque = } 
d : t _ : 3000 5 | OUTPUT 
ce be 
satiate ee : P6200AP 
uJ 
a i. 
2000 | 
1000 
100 200 300 400 
TORQUE (OZ. IN.) 
TYPICAL SHAFT TOLERANCES MOTOR LIFE 
shaft perpendicularity to mounting face 0.010 in/in Motor life is limited mainly by brush life; the design brush life 
shaft concentricity to mounting pilot 0.005 in of these servo motors is: 
shaft end play +.01 in maximum 3 x 108 revolutions at 60% rated load, and; 
shaft radial play +0.0015 in maximum 2 x 107 start stop cycles at 60% rated load. 
Viaximum shaft radial load +30 Ibs Many factors affect brush life and in most applications actual life 
Viaximum shaft thrust load +30 Ibs results in the order of five to ten years are not unusual. 


3ECOMMENDED WIRE SIZES 


Viotor armature - 14 gage; Tachometer - 18 gage 
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0660-08-015 


HOW TO ORDER 


To order a motor control system specify the motor type using the nine digit part number and the motor control using 
the ordering code described on page 65. 


lf you require an optical encoder or other special configuration on the motor add ‘S’ to the end of the part number and 
describe your special requirement. 


Motor Control Model P6200AP P6300AP 
Maximum Speed (No Load Peak) 6000 6000 rom** 
Maximum Continuous Torque Output at Stall 120 120 OZ. in. 
Maximum Continuous Power Output 270 270 Watts 
Maximum Peak Torque Output 280 350 Oz. in. 
*Speed Regulation (Typical) 2 2 % of set speed 
*Speed Range (Typical) 1000:1 1000:1 = 


Torque Constant 

Voltage Constant 

Terminal Resistance 

Armature Moment of Inertia 

Rotational Loss Torque 

Static Friction Torque 

Armature Inductance 

Armature to Ambient Thermal Resistance 
Maximum Armature Temperature 


Voltage Gradient 
Terminal Resistance 
Armature Inductance 
Ripple Amplitude 
Ripple Frequency 
Temperature Stability 
Linearity 


=_=hO-~jJ- Od. — 
WDMAOOON7F 
wor oOo 


o1 
oO 


*Speed range represents the speed range for which the specified regulation applies. 
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oz. in./A + 10% 
V/krpm + 10% 
G2 at 250C + 15% 
oz. in. $2 

oz. in./krpm 


V/krpm + 10% 

G2 at 2590C + 15% 
mH 

% of DC output 
Cycles per rev. 
%/OC 

% max error 


| 


3.12 DIA. REF. 


5000 ‘095 DIA 
7.850 REF 
+,000 
3.000 DIA 
5.150 REF —.003 
15 1/4-20UNC-2B, (4) EQ SP 
ON A 3.750 DIA, B.C. 


4.25 DIA REF 


ee AWG, 1 BLCK, KEYWAY FOR 1/8 SQ X 
1 RED, X 24” LG. MIN. 15/16 LONG KEY 


#20 AWG, 1 GREEN, 
1 WHITE, X 24” LG MIN 


MAXIMUM SPEED VS TORQUE OUTPUT 


system if fully Typical speed regulation 
regenerative and can 2% of set speed over 1000:1 
operate in all 4000 |. = 
four speed/torque = aman 
quadrants = 3000 
ee) 
ud 
a 
22) 
2000 
1000 § 
TORQUE (OZ. IN.) 
TYPICAL SHAFT TOLERANCES MOTOR LIFE 
Shaft perpendicularity to mounting face 0.010 in/in Motor life is limited mainly by brush life; the design brush life 
Shaft concentricity to mounting pilot 0.005 in of these servo motors is: 
Shaft end play +0.004 in maximum 3 x 108 revolutions at 60% rated load, and; 
Shaft radial play +0.0015 in/in 2x 107 start stop cycles at 60% rated load. 
Maximum shaft radial load +30 Ibs/in Many factors affect brush life and in most applications actual life 
Maximum shaft thrust load +30 Ibs results in the order of five to ten years are not unusual. 


RECOMMENDED WIRE SIZES 


Motor armature - 14 gage; Tachometer - 18 gage 
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0660-10-029 


HOW TO ORDER 


To order a motor control system specify the motor type using the nine digit part number and the motor control using 


the ordering code described on page 65. 


If you require an optical encoder or other special configuration on the motor add ‘S’ to the end of the part number and 


describe your special requirement. 


Motor Control Model P6100AP P6200AP P6300AP 

Maximum Speed (No Load) 4200 4200 4200 rpm 

Maximum Continuous Torque Output at Stall 120 120 120 Oz. in. 
Maximum Continuous Power Output 270 270 270 Watts 
Maximum Peak Torque Output 240 410 515 OZ. in. 

Speed Regulation (Typical) —2 —2 —2 % of set speed 
Speed Range (Typical) 1000:1 1000:1 1000:1 

Torque Constant 21 oz. in./A + 10% 
Voltage Constant 16 V/krpm + 10% 
Terminal Resistance 1.2 §2 at 25°C + 15% 
Armature Moment of Inertia 0.03 oz. in. s.2 
Rotational Loss Torque oz. in./krpm 
Static Friction Torque 7 oz. in. 
Armature Inductance 4 mH 

Armature to Ambient Thermal Resistance 2.8 OC/Watt 
Maximum Armature Temperature 155 OC 

Voltage Gradient 14.2 V/krpm + 10% 
Terminal Resistance Q2 at 250C + 15% 
Ripple Amplitude <6 % of DC output 
Ripple Frequency Cycles per rev. 
Temperature Stability 0.05 %/OC 

Linearity 0.20 % max error 


*Speed range represents the speed range for which the specified regulation applies. 
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KEYWAY FOR 


1/2" CONDUIT CONNECTOR 1/6 $0 BY 15/16 
LG. KEY 


CONNECTION VIEW 
OF PCB 


System if fully 4000 Typical speed regulation 
regenerative and can 2% of set speed over 1000:1 
operate in all — 
four speed/torque si 
uadrants : < 
= =z 
q 9 2000 S 
5 . : ” 
8 = 2 2 
1000 ar 5 S = 
8 = es re) 
4 = 
s a mp rs 
a ie = ag a 
100 200 300 400 500 600 
TORQUE (OZ. IN.) 
MT SERIES GENERAL INFORMATION TYPICAL SHAFT TOLERANCES 
Shaft perpendicularity to mounting face 0.010 in/in 
Shaft concentricity to mounting pilot 0.005 in 
Shaft end play +0.004 in maximum 
Shaft radial play +0.0015 in maximum 
Maximum shaft radial load +30 Ibs 
Maximum shaft thrust load +30 Ibs 
MOTOR LIFE 


Motor life is limited mainly by brush life; the design brush life of the 
MT series servo motors is: 


3 x 108 revolutions at 60% rated load, and; 
“| s A ’ ; 
Hl HL i" ( i e Pe 2 2 x 107 start stop cycles at 60% rated load. 


Many factors affect brush life and in most applications actual life 
results in the order of five to ten years are not unusual. 


RECOMMENDED WIRE SIZES 


Motor armature 14 gage 
Tachometer 18 gage 
Position encoder 24 gage (optional) 
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0670-01-009 


HOW TO ORDER 


To order a motor control system specify the motor type using the nine digit part number and the motor control using 
the ordering code described on page 65. 


If you require an optical encoder or other special configuration on the motor add ‘S’ to the end of the part number and 
describe your special requirement. 


“Speed range represents the speed range for which the specified regulation applies. 
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Motor Control Model P6200AP P6300AP 
Maximum Speed (No Load) 4600 4600 rpm 
Maximum Continuous Toruge Output at Stall 175 175 oz. in. 
Maximum Continuous Power Output 440 440 Watts 
Maximum Peak Torque Output 370 460 OZ. in. 

“Speed Regulation (Typical) —2 ae % of set speed 

“Speed Range (Typical) 1000:1 1000:1 — 
Torque Constant 19 oz. in./A + 10% 
Voltage Constant 14 V/krpm + 10% 
Terminal Resistance 0.65 Gat 250C + 15% 
Armature Moment of Inertia 0.05 oz. in. s2 
Rotational Loss Torque 1.0 oz. in./krpm 
Static Friction Torque 8 oz. in 
Armature Inductance 2.6 mH 
Armature to Ambient Thermal Resistance 2.1 OC/Watt 
Maximum Armature Temperature 155 C 
Voltage Gradient 14 V/krpm + 10% 
Terminal Resistance 750 Qlat 259C + 15% 
Armature Inductance 140 mH 
Ripple Amplitude 5.0 % of DC output 
Ripple Frequency 11 Cycles per rev. 
Temperature Stability 0.05 %/OC 
Linearity 0.20 % Max error 


i 3.6 REF 
3.12 DIA ot 


5000 


System if fully 4000 
regenerative and can 
operate in all 
four speed/torque = 3000 
cc 
quadrants ms 
lw 
Ww 
2 2000 
1000 


TYPICAL SHAFT TOLERANCES 


Shaft perpendicularity to mounting face 
Shaft concentricity to mounting pilot 
Shaft end play 

Shaft radia! play 

Maximum shaft radial load 

Maximum shaft thrust load 


RECOMMENDED WIRE SIZES 


9.050 REF yO an 
+, 
3.000 "353 DIA 
6.350 REF 1/4-20UNC-2B, (4) EQ SP 
ON A 3.750 DIA B.C. 
P 15 
¢ 

| Al | 

| 1.47 + .03 
#16 AWG, 1 BLACK 


1 RED, X 24” LG MIN 


#20 AWG, 1 GREEN 
1 WHITE, X 24” LG MIN 


+ .0000 ,, 


5000 1A 


4.25 DIA REF 


ya 


KEYWAY FOR 1/8 SQ X 
15/16 LONG KEY 


MAXIMUM SPEED VS OUTPUT TORQUE 


100 200 


Typical speed regulation 
2% of set speed over 1000:1 


p= 
— 
a 
= 
= 
Oo 
4 
< 
uw 
a 


oa 
< 
=) 
=) 
N 
fe) 
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PEAK OUTPUT 


P6300AP 


300 400 500 


TORQUE (OZ. IN.) 


0.010 in/in 

0.005 in 
+.01 in maximum 
+0.0015 in maximum 
+30 Ibs 
+30 Ibs 


Motor armature - 14 gage; Tachometer - 18 gage 


MOTOR LIFE 


Motor life is limited mainly by brush life; the design brush life 
of these servo motors is: 

3 x 108 revolutions at 60% rated load, and; 

2 x 107 start stop cycles at 60% rated load. 
Many factors affect brush life and in most applications actual life 
results in the order of five to ten years are not unusual. 
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0670-08-022 


HOW TO ORDER 


To order a motor control system specify the motor type using the nine digit part number and the motor control using 


the ordering code described on page 65. 


If you require an optical encoder or other special configuration on the motor add ‘S’ to the end of the part number and 


describe your special requirement. 


*Speed range represents the speed range for which the specified regulation applies. 


90 


Motor Control Model P6100AP P6200AP P6300AP 
Maximum Speed (No Load) 3600 3600 3600 rpm 
Maximum Continuous Torque Output at Stall 175 175 175 oz. in. 
Maximum Continuous Power Output 360 360 360 Watts 
Maximum Peak Torque Output 280 470 590 OZ. in. 
“Speed Regulation (Typical) —2 —2 —2 % of set speed 
“Speed Range (Typical) 1000:1 1000:1 1000:1 _ 
Torque Constant 24 oz. in./A + 10% 
Voltage Constant 18 V/krpm + 10% 
Terminal Resistance 1 (2 at 250C + 15% 
Armature Moment of Inertia .05 oz. in. s.2 
Rotational Loss Torque 1 oz. in./krpm 
Static Friction Torque 8 02. in. 
Armature Inductance 4.0 mH 
Armature to Ambient Thermal Resistance 2.1 OC/Watt 
Maximum Armature Temperature 155 OC 
Voltage Gradient 14.2 V/krpm + 10% 
Terminal Resistance §2 at 250C + 15% 
Ripple Amplitude <6 % of DC output 
Ripple Frequency Cycles per rev. 
Temperature Stability 0.05 %/OC 
Linearity 0.20 % Max error 


1/4-20 UNC-2B THRU 
12,487 1,282 2.030 LOER Sr On 
3.760 DIA B.C, 
181 é 


- DIA 


KEYWAY FOR 
1/8 SQ BY 16/16 
LG. KEY 


1/2" CONDUIT CONNECTOR 


CONNECTION CODE 
TAB | TAB | COLOR 
+ .250 RED 
a ieee 


+ BLU 
NOT 
TACH USED a 
a WHT 


CONNECTION VIEW 
OF PCB 


MAXIMUM SPEED VS OUTPUT TORQUE 


System if fully 


regenerative and can Typical speed regulation 


operate in all : 2% of set speed over 1000:1 
four speed/torque 9 
Wi 
quadrants 85 
- - 
> = 
a. a 
= — 
= > 
re) re} 
x x 
< < 
& & 
TORQUE (OZ. IN.) 
MT SERIES GENERAL INFORMATION TYPICAL SHAFT TOLERANCES 
Shaft perpendicularity to mounting face 0,010 in/in 
Shaft concentricity to mounting pilot 0.005 in 
Shaft end play +0.004 in maximum 
Shaft radial play 40.0015 in maximum 
Maximum shaft radial load +30 Ibs 
a Maximum shaft thrust load +30 Ibs 
G MOTOR LIFE 


\ Motor life is limited mainly by brush life; the design brush life of the 
MT series servo motors is: 


ae) 
a me pe 
\%y G\ % 


——— GEEK: 
~— Sae : } : 
we lo 3 x 108 revolutions at 60% rated load, and; 


mg ney mad wei bei) 2 x 107 start stop cycles at 60% rated load. 
ae k a lw Many factors affect brush life and in most applications actual life 
Z Ly results in the order of five to ten years are not unusual. 
a? 
RECOMMENDED WIRE SIZES 
Motor armature 14 gage 
Tachometer 18 gage 
Position encoder 24 gage (optional) 
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0702-06-006 


HOW TO ORDER 


To order a motor control system specify the motor type using the nine digit part number and the motor control using 


the ordering code described on page 65. 


If you require an optical encoder or other special configuration on the motor add ‘S’ to the end of the part number and 


describe your special requirement. 


Motor Control Model 
Maximum Speed (No Load Peak) 


Maximum Continuous Torque Output at Stall 


Maximum Continuous Power Output 
Maximum Peak Torque Output 
“Speed Regulation (Typical) 

“Speed Range (Typical) 


Torque Constant 

Voltage Constant 

Terminal Resistance 

Armature Moment of Inertia 

Rotational Loss Torque 

Static Friction Torque 

Armature Inductance 

Armature to Ambient Thermal Resistance 
Maximum Armature Temperature 


Voltage Gradient 
Terminal Resistance 
Armature Inductance 
Ripple Amplitude 
Ripple Frequency 
Temperature Stability 
Linearity 


P6200AP 
3800 


P6300AP 
3800 


- =NOO-N 
DOPO—-AWY 
own 


—=—=1) 
O1 
O1 


“Speed range represents the speed range for which the specified regulation applies. 
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%** 
rpm 


Oz. in. 
Watts 
oz. In. 
% of set speed 


oz. in./A + 10% 
V/krpm + 10% 
{2 at 250C + 15% 
oz. in. s2 

oz. in./krpm 

Oz. in. 

mH 

OC/Watt 

oC 


V/krpm + 10% 
G2at 250C + 15% 
mH 

% of DC output 
Cycles per rev. 
%/OC 

% max error 


62507-9000 pia 


8.340 REF 
+ .000 
4.500" 554 DIA 
5.640 REF 
4.00 DIA REF 
15 3/8 - 16 UNC-2B (4) EQ SP 
ON A 5.875 DIA B.C. 


6.50 DIA REF 


2.126 + .030 
#16 AWG, 1 BLACK 


os KEYWAY FOR 3/16SQ 
1 RED, X 24” LG MIN X 13/8 LG KEY 


#20 AWG, 1 GREEN 
1 WHITE, X 24° LG MIN 


MAXIMUM SPEED VS TORQUE OUTPUT 


System if fully Typical speed regulation 


; 3000 
regenerative and can a 2% of set speed over 1000:1 
operate in all = OUTPUT 
four speed/torque = P6300AP 
quadrants oO 2000 
m7 
a 
1000 
TORQUE (OZ. IN.) 
TYPICAL SHAFT TOLERANCES MOTOR LIFE 
shaft perpendicularity to mounting face 0.010 in/in Motor life is limited mainly by brush life; the design brush life 
shaft concentricity to mounting pilot 0.005 in of these servo motors is: 
shaft end play +.01 in maximum 3 x 108 revolutions at 60% rated load, and; 
shaft radial play +0.0015 in maximum 2 x 10” start stop cycles at 60% rated load. 
Viaximum shaft radial load +30 Ibs Many factors affect brush life and in most applications actual life 
Viaximum shaft thrust load +30 Ibs results in the order of five to ten years are not unusual. 


RECOMMENDED WIRE SIZES 


Viotor armature - 14 gage; Tachometer - 18 gage 
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0703-02-060 


HOW TO ORDER 


To order a motor control system specify the motor type using the nine digit part number and the motor control using 
the ordering code described on page 65. 


If you require an optical encoder or other special configuration on the motor add ‘S’ to the end of the part number and 
describe your special requirement. 


*Speed range represents the speed range for which the specified regulation applies. 
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Motor Control Model P6200AP P6300AP 
Maximum Speed (No Load) 1875 1875 rpm 
Maximum Continuous Torque Output at Stall 460 460 OZ. in. 
Maximum Continuous Power Output 450 450 Watts 
Maximum Peak Torque Output 950 1200 oz. in. 

*Speed Regulation (Typical) —2 —2 % of set speed 

*Speed Range (Typical) 500: 1 500: 1 = 
Torque Constant 49 oz. in./A + 10% 
Voltage Constant 37 V/krpm + 10% 
Terminal Resistance 0.85 (2 at 250C + 15% 
Armature Moment of Inertia 0.20 OZ. in. $2 
Rotational Loss Torque 10.0 oz. in./krpm 
Static Friction Torque 14.0 oz. in 
Armature Inductance 4.4 mH 
Armature to Ambient Thermal Resistance 1 OC/Watt 
Maximum Armature Temperature 155 C 
Voltage Gradient 14.2 V/krpm + 190% 
Terminal Resistance 550 §2 at 25°C + 15% 
Ripple Amplitude 5. % of DC output 
Ripple Frequency 21 Cycles per rev. 
Temperature Stability 0.05 %/OC 
Linearity 0.20 % max error 


1/4-20 Ui 


NC-2B x .39 OP 
MIN (4) EQSP ON A 
3.250 DIA B.C. 


1/2" CONDUIT CONNECTOR 


50 mA 2.156 = .030 


KEYWAY FOR 
3/16 SQ X 
1.38 LG KEY 


MAXIMUM SPEED VS TORQUE OUTPUT 
2000 


System if fully wits MAX. CONTINUOUS OUTPUT 
regenerative and can Typical speed regulation 
operate in all = PEAK OUTPUT 2% of set speed over 500: 1 
a 1000 P6200AP 
four speed/torque 0 
Ww 
quadrants 85 
oer 
eas oer 
400 600 800 7000 1200 
TORQUE (OZ. IN.) 
MT SERIES GENERAL INFORMATION TYPICAL SHAFT TOLERANCES 
Shaft perpendicularity to mounting face 0.010 in/in 
Shaft concentricity to mounting pilot 0.005 in 
Shaft end play +0.004 in maximum 
Shaft radial play +0.0015 in maximum 
Maximum shaft radial load +30 Ibs 
Maximum shaft thrust load +30 Ibs 
MOTOR LIFE 


Motor life is limited mainly by brush life; the design brush life of the 
MT series servo motors is: 


3 x 108 revolutions at 60% rated load, and; 
2x 10? start stop cycles at 60% rated load. 


ANA AA? 
eget lw. 


Hae 
hh\ 4, 


Many factors affect brush life and in most applications actual life 
results in the order of five to ten years are not unusual. 


RECOMMENDED WIRE SIZES 


Motor armature 14 gage 
Tachometer 18 gage 
Position encoder 24 gage (optional) 
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1450-00-03] 


HOW TO ORDER 


To order a motor control system specify the motor type using the nine digit part number and the motor control using 


the ordering code described on page 65. 


If you require an optical encoder or other special configuration on the motor add ‘S’ to the end of the part number and 


describe your special requirement. 


Motor Control Model 
Maximum Speed (No Load) 


Maximum Continuous Torque Output at Stall 


Maximum Continuous Power Output 
Maximum Peak Torque Output 
“Speed Regulation (Typical) 

“Speed Range (Typical) 


Torque Constant 

Voltage Constant 

Terminal Resistance 

Armature Moment of Inertia 

Rotational Loss Torque 

Static Friction Torque 

Armature Inductance 

Armature to Ambient Thermal Resistance 
Maximum Armature Temperature 


Voltage Gradient 
Terminal Resistance 
Armature Inductance 
Ripple Amplitude 
Ripple Frequency 
Temperature Stability 
Linearity 


P6200AP 
3500 


P6300AP 
3500 


“Speed range represents the speed range for which the specified regulation applies. 
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rpm 

oz. In. 

Watts 

Oz. in. 

% of set speed 


oz. in./A + 10% 
V/krpom + 10% 
G2 at 259C + 15% 
Oz. in. $2 

oz. in./krpm 

Oz. In. 

mH 

OC/Watt 

OC 


V/krpm + 10% 
Gat 25°C + 15% 
mH 

% of DC output 
Cycles per rev. 
%/OC 

% max error 


1/4-20 UNC-2B THRU (4) 
EQ. SPACED ON A 5-875 BC 


11.0 REF. "~ — 0005 
485 (2) 
FLATS 90° APART 


| 2.35 REF | 


.85 DIA. HOLE WITH GROMMET 
FOR CABLE ENTRY 


4.5 DIA. REF 


5.50 DIA. REF. 


MAXIMUM SPEED VS OUTPUT TORQUE 
4000 


System if fully 


Typical speed regulation 
. MAX. CONTINUOUS OUTPUT (UNCOOLED) 


regenerative and can 3000 2% of set speed over 200:1 
operate in all 
four speed/torque Fs 
quadrants i 2000 
w 
% 
1000 
PEAK OUTPUT 
P6300AP 
TORQUE (OZ. IN.) 
MT SERIES GENERAL INFORMATION TYPICAL SHAFT TOLERANCES 
Shaft perpendicularity to mounting face 0.010 in/in 
Shaft concentricity to mounting pilot 0.005 in 
Shaft end play +.01 in maximum 
—s— noe Shaft radial play +0.0015 in maximum 
Maximum shaft radial load +30 Ibs 
Ele S Maximum shaft thrust load +30 Ibs 
Ce ee —_] ‘ 
MOTOR LIFE 


Motor life is limited mainly by brush life; the design brush life of the 
MT series servo motors ts: 


3 x 108 revolutions at 60% rated load, and; 
2 x 107 start stop cycles at 60% rated load. 


Many factors affect brush life and in most applications actual life 
results in the order of five to ten years are not unusual. 


TYPICAL TERMINAL 


RECOMMENDED WIRE SIZES 


BOARD ARRANGEMENT saree ie | 
Motor armature 14 gage 
Tachometer 18 gage 
Position encoder 24 gage (optional) 
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1450-02-033 


HOW TO ORDER ** 


To order a motor control system specify the motor type using the nine digit part number and the motor control using 


the ordering code described on page 65. 


If you require an optical encoder or other special configuration on the motor add ‘S’ to the end of the part number and 


describe your special requirement. 


Motor Control Model 
Maximum Speed (No Load Peak) 


Maximum Continuous Torque Output at Stall 


Maximum Continuous Power Output 
Maximum Peak Torque Output 
*Speed Regulation (Typical) 

“Speed Range (Typical) 


Torque Constant 

Voltage Constant 

Terminal Resistance 

Armature Moment of Inertia 

Rotational Loss Torque 

Static Friction Torque 

Armature Inductance 

Armature to Ambient Thermal Resistance 
Maximum Armature Temperature 


Voltage Gradient 
Terminal Resistance 
Armature Inductance 
Ripple Amplitude 
Ripple Frequency 
Temperature Stability 
Linearity 


P6200AP 


4700 
170 
300 
345 
—2 
300: 1 


P6300AP 
4700 
170 


“Speed range represents the speed range for which the specified regulation applies. 
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%* % 


rpm” 
OZ. In. 
Watts 
OZ. in. 
% of set speed 


oz. in./A + 10% 
V/krpm + 10% 
G2 at 259C + 15% 
Oz. in. $2 

oz. in./krpm 

OZ. In. 

mH 

OC/Watt 

OC 


V/krpm + 10% 

Q2 at 250C + 15% 
mH 

% of DC output 
Cycles per rev. 
%/OC 

% max error 


ve 1/4-20 UNC-2B THRU (4) 


eet 50 DIA. EQ. SPACED ON A 5.875 BC 
11.0 REF. Oye 485 (2) 


FLATS 90° APART 


| 2.35 REF | 


.85 DIA. HOLE WITH GROMMET 
FOR CABLE ENTRY 


4.5 DIA. REF 


5.50 DIA. REF. 


MAXIMUM SPEED VS OUTPUT TORQUE 


System if fully 
regenerative and can 


Typical speed regulation 


operate in all 7 MAX. CONTINUOUS OUTPUT (UNCOOLED) 2% of set speed over 300:1 
= 
four speed/torque Fd PEAK OUTPUT P6200AP 
ra) 
quadrants w PEAK OUTPUT P6300AP 
” 
TORQUE (OZ. IN.) 
MT SERIES GENERAL INFORMATION TYPICAL SHAFT TOLERANCES 
Shaft perpendicularity to mounting face 0.010 in/in 
Shaft concentricity to mounting pilot 0.005 in 
Shaft end play +.01 in maximum 
Shaft radial play +0.0015 in maximum 
Maximum shaft radial load +30 Ibs 
Maximum shaft thrust load +30 Ibs 
MOTOR LIFE 


Motor life is limited mainly by brush life; the design brush life of the 
MT series servo motors 1s 

a16iu3d6ec 9 3 & 108 revolutions at 60". rated load, and, 
nNigie balan > psi 2x 10/ start stop cycles at 60% rated load 
Z@leSiZEIsalz Y 
4 (ame 0 a) Geo | ee | ee) ee ~~ 


Many factors affect brush life and in most applications actual life 
results in the order of five to ten years are Not unusual 


TYPICAL TERMINAL 
BOARD ARRANGEMENT 


RECOMMENDED WIRE SIZES 
10001 MAB Rev. PA 


Motor armature 14 gage 
Tachometer 18 gaqe 
Position encoder 24 gage (optional) 
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—2KUDICW 


BRUSHLESS DIRECT CURRENT MOTORS 


BRUDIC brushless direct current drives represent 
a revolutionary improvement in industrial servo 
drive technology. By offering all solid state 
control and eliminating all brushes, commutators, 
and slip rings from the motor, the user can 


expect minimum downtime and maintenance; 
and the servo performance is absolutely remarkable. 
User evaluations have demonstrated thesuperiority 


of BRUDIC over other drive systems. 


SYSTEM 1000 


BRUDIC System 1000 is the highest power model in the 
present range. It is designed for computerized control in 
the most demanding industrial applications, 24 hours a 
day continuous operation where downtime must be 
minimized without sacrificing repeatability, precision, 
and performance. 


BRUDIC System 1000 consists of a specially designed 
three-phase pulse width modulated (PWM) four-quadrant 
servo amplifier and matching brushless DC servomotor- 
tachometer-encoder package. There are no periodic 
maintenance requirements, no forced air cooling require- 
ments, and self-diagnostic indicators are provided as 
Standard. 


BRUDIC SYSTEM 1000 PERFORMANCE 


Velocity Servo Bandwidth — DC to 200 Hz max. System 
can be operated at zero speed. 


Speed Regulation — + 2% or +5 rpm of the set speed, 
whichever is greater. 


Dynamics (no load) 


Acceleration from stall @ = 3800 rad/s 


MAX 


100 


Acceleration times 0-1800 rpm 50 ms 
0-3600 rpm 125 ms 


Deceleration times 1800 rpm —O 45 ms 
3600 rpm —O 90ms 


MOTOR CONTINUOUS TORQUE 
LIMIT FOR 50°C HOUSING 


TEMPERATURE RISE 
PEs <r 


O pit a 


0 he am ind 


30 [Ib- ft] 


40 [Nm] 


oF Tout 


SYSTEM 1000 TORQUE-SPEED CHARACTERISTICS 


ENVIRONMENTAL DATA — SYSTEM 1000 will 
perform continuously under following conditions: 
Ambient temperature Oto 50°C 
Max. relative humidity 95% 
High oil content atmosphere 


No auxiliary cooling of the amplifer or the motor. 


RELIABILITY —Design life of 10 years in normal opera- 
tion. Life test system accumulated to date more than 3 
million operating cycles with maximum load. 


SPECIAL FEATURES 


System Efficiency —Pulse-width modulated switching 
amplifier combined with permanent magnet brush- 
less motor yields the most energy efficient industrial 
drive system available today. 


Modular Design — Each module (amplifier sub- 
assemblies or the motor) can be replaced in less than 


3 minutes. There is no loose hardware during replace- 


ment procedure and the only tool required is a 
straight-blade screwdriver. 


Diagnostic and Protection System — BRUDIC 
SYSTEM 1000 has built-in protection circuits and an 
automatic diagnostic system. 


In a case of any abnormal, external or internal condi- 
tion or malfunctioning, the protection circuits will 
immediately disable the whole system, preventing a 
catastrophic failure, and signal this condition to the 
mircrocomputer. Diagnostic system display will 
indicate LOCAT/ON of the problem. 


A faulty module can then be easily replaced by 
unskilled maintenance personnel. 


Installation Flexibiltiy — Convection cooling 
eliminates any need for special installation layouts 
and maintenance of cooling fans. 


Wiring distance between the amplifier and the motor 
can be up to 200 ft (60 m). Motor power and signal 

cables do not require a special raceway. High DC bus 
voltage reduces size of motor power cable conductors. 


Compliance — BRUDIC SYSTEM 1000 complies with 
applicable JIC manufacturing standards. 


BSA-2580 Brushless Servo Amplifier — High-power, 
3-phase, pulse-width modulated (PWM) transistor 
switching amplifier with complete servo control and 
current limiting circuitry, and with built-in short 
circuit protection and fault diagnostic system. 
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BSA-2580 Outline 


Enclosure —Single-door, oil-tight, NEMA 12 enclosure 
36” x 36” x 12” (915 x 915 x 305 mm). Power 
amplifier heatsinks extend 4.5’’ (115 mm) from the 
enclosure rear wall. Control microcomputer installed 
in the enclosure. Main 3-phase power transformer is 
in a separate enclousre, W x D x H: 12x15" x 12.5” 
(305 x 380 x 318 mm). 


Input Line Power — Input power is 3-phase, 460/230V 
(+10%, — 15%), 60 Hz. Other voltages and/or 50 Hz 
optional. 


Recommended Control Micromcomputer is a modified 
version of Allen-Bradley PLC-2: 
Controller: A-B Model 1771-UC 


Servo Interface: A-B Model 1771-SR 
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.375 DIA, .438 DP ON © 
A 4.75 R. 


mim 


Transformer Outline 


The Microcomputer-Servo System Interface is defined 
in terms of inputs to and outputs from the position 
control microcomputer: 

To position control microcomputer 


From position encoder: 2 quadrature pulse trains 
1 index marker 


From servo system: 1 velocity control status signal 
1 current threshold signal 


From position control microcomputer to 
servo system 


1 analog velocity command voltage, 2.5 V/krpm, 
+9 V max. 


1 velocity control inhibit command 


1 current limit enable command 


18.20 _ 
MAX 


3,264.03 — 


Motor-Tachometer-Encoder Assembly — High- 
performance, permanent magnet brushless DC 
servo motor with an integral brushless tachomter for 


velocity feedback, a solid state commutation encoder, 


and an incremental encoder for digital position 
feeback. 


B-2100 Motor — Fully enclosed heavy-duty aluminum 
housing, 11’ DIA x 18.25” overall length 

(@ 280 x .464 mm). Front end compatible with 
EX-CELL-O CORPORATION, CONE DRIVE 
DIVISION worm gearbox P/N M51557. Motor front 
shaft end has SAE 1” 6B female spline per CONE 
DRIVE P/N 51557-140. Mounting with “marmon” 
type V-ring clamp. (See outline drawing.) 


B-2101 Motor — Same motor as above with shaft, 
front mounting and front bearing. (See outline 
drawing.) 


Other front end configurations optional. 
Motor weight 141 Ib. (64 kg). 


B-2100 and B-2101 Motors 


Rated top speed NwWAX > 3600 rpm 
Peak output torque Tax = 30 Ib. ft. (41 Nm) 


P +.01 
mie Ue 


Fee 


DIA 


B-2101 


Rated (continuous or RMS) torque for 50 °c motor 
housing temperature rise (convection cooling) 

Tams = 22 |b. ft. (30 Nm) 

Note: 

Motor constants, and consequently the peak torque 
and top speed can be altered to match individual 
application requirements. . 


Peak mechanical output power at 2500 rpm 


Prax ~ 9 kW (12 hp) 


Moment of inertia 
Ju = 1.53 oz. in. s” 

0.256 Ib. ft? 

(1.08 x 1072 kg—m?) 
Thermal resistance 
(winding-ambient, convection cooling only) 

= O 
Roy = 0.27 ~C/W 

Thermal time constant Tr = 90 min. 
Position Encoder 
The position encoder is a non-contacting rotational 
transducer that generates two pulse trains, in 
quadrature, with 250 cycles per revolution. After 
decoding, it provides 1000 transitions per revolution 


of the motor shaft. In addition, a ‘‘once-per 
revolution” index marker pulse is provided. 
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Speed Control Systems 


The Motomatic Concept 


MOTOMATIC is a unique* transistorized 
motor speed control system _ designed, 
engineered and manufactured by Electro- 
Craft Corporation. MOTOMATIC is a com- 
plete closed-loop system consisting of a 
fast response, permanent magnet, inte- 
grally-wound motor-generator and_ high- 
gain transistorized servo feedback amplifier. 
MOTOMATIC systems offer precise speed 
control, even in the presence of changing 
load and line voltage conditions. Using 
MOTOMATIC speed can be accurately 
controlled from a potentiometer or from 
any transducer sensing heat, light, tension, 
etc. 
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Motomatic Speed Controls 


SCR VS. MOTOMATIC 


MOTOMATIC 


3000 — 
€ 
& 
Ks 
rT) M 
8 75 OTOMATIC 


R 
MOTOMATIC 
R 


% Rated Torque 


SPEED REGULATION 


Speed regulation is defined as the ability of a motor to 
maintain a set speed when a load torque is applied. A 
DC motor with “open loop” control has a relatively con- 
stant power input so if the load increases, the speed 
decreases. In order to maintain a constant speed with 
increasing load, the power input to the motor must, 
therefore, be increased. 


The MOTOMATIC closed-loop control system is a self- 
balancing system which automatically adjusts the input 
to the motor so that an essentially constant speed is main- 
tained even while the load on the motor is changing. 
The integral tachometer-generator senses that the load 
wants to change the motor speed and calls for more or less 
power to maintain constant speed. From no-load to full- 
load conditions, the variation in speed is typically better 
than 1% of set speed. It may be noted that similar claims 
made for certain SCR variable speed drives are frequently 
based upon “percent regulation of maximum speed.” 
MOTOMATIC’s speed regulation can be considerably 
better than 1% if less than the full load or the 1000:1 
speed range is utilized. 


DESIGN AND CONSTRUCTION 


Electro-Craft motor-generators are quality engineered and 
manufactured to exacting specifications. Typical life 
cycle, on the basis of over 500,000 MOTOMATIC systems 
in operation, is in the range of 5000 hours at rated speed 
before brush changes are necessary. All rotors are epoxy 
resin insulated by a spray-coating process before winding 
and all finished armatures are impregnated to NEMA 
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Speed accuracy approximately 
the same for SCR and 
MOTOMATIC at full speed. 


Speed accuracy at 75 rpm 
(minimum speed for SCR) +50 rpm 
vs. + 0.75 rpm for MOTOMATIC! 


Speed accuracy at 3 rpm 
= 0.03 rpm for MOTOMATIC 
SCR uncontrollable below 75 rpm! 


standards. Both the motor insulation and construction are 
U.L. recognized. Commutators are turned with a diamond 
cutter for a 20 micro-inch surface finish, assuring perfect 
brush seating and minimum brush bounce. Finally, all 
rotors are dynamically balanced for smooth operation 
and long bearing life. Motors are rated at a maximum 
armature temperature rise of 130 degrees C, which is 
better than the limits of Class ““F” insulation. All units 
are “run in” before 100% final testing and shipment. 


SOME MOTOMATIC APPLICATIONS 


Computer Peripheral Equipment @ Welding Feeds m Paper 
Chart Drives m Textile Machines m Office Copying Ma- 
chines @ Micro-Film Readers-Printers @ Medical Equipment 
m Accurate Metering Pumps m Photographic and Film 
Processing Equipment @ Cameras @ Viscosimeters @ Lab- 
oratory Instruments m Material Handling m Automatic 
Assembly Machines ™ Machine Tool Programmers @ Pro- 
cess Control m Automation Devices m Semiconductor 
Manufacturing @ Tension Sensing Winders m over 300 
different applications in total. 


E-350 Control E-350 MG 


E-350 MGH 


STANDARD FEATURES HOW TO READ THE [-__]99% of set speed 
SPEED REGULATION 

8% of d 

1500:1 speed range 5 to 7500 rpm ZONE GRAPHS. Ee of set spee 

ee 97% of set speed 

Cloosed-loop completely transistorized velocity feed- select the torque and rom Ml < 96% of set speed 

back amplifier range; the data (% of CTI) intermittent duty 

regulation) is stated as @ only—consult ECC Engi- 

Single polarity power supply is easily adaptable to DC percentage of the set neering Application Dept. 


speed for additional data. 


power source 


Adjustable torque limit SPEED REGULATION ZONES 


IR compensation (allows setting optimum regulation at FOR E-350 CONTROL 
speeds below 10 rpm) oo 
Maintains full rated torque across entire speed range _ | 
115 VAC 50/60 Hz — fuse protection — 
230 VAC 50/60 Hz — fuse protection 6500 
OPTIONAL FEATURES amp ) 
High accuracy speed torque readout (motor friction -_ 


torque and motor damping factor are nulled out) oe ria t 
10 turn potentiometer 1500 
Reversing switch ot | | | | | |] | | 
E350 MG — E350 MGH 400 Rae 


1/70 hp 2 oz inch @ 7500 rpm 50 


Ld 

Shielded ball bearings ™ an 
a 

—_— aa 


Silver brushes for stable operation 


Maximum output torque 40 oz inches with gearhead 


£552 MeMaser 


E-552-0 Open 


E-552 MASTER & E-552 OPEN STANDARD FEATURES 


1000:1 speed range 5 to 5000 rpm 

Closed-loop completely transistorized velocity feedback 
amplifier 

Adjustable torque limit 0 - 10 oz. in. 

IR compensation (allows setting optimum regulation at 
speeds below 10 rpm) 

Single polarity power is easily adaptable to DC power’ 
source 

Maintains full rated torque across entire speed range 

115/230 VAC 50/60 Hz line fuse and thermal circuit 
breaker protection 


E-552-M STANDARD FEATURES 


High accuracy speed-torque readout (motor friction 
torque and motor damping factor are nulled out) 

Forward-reverse switch (push button) 

Dual concentric speed control potentiometer 

Remote input — (external control of speed by a 
potentiometer or voltage source) 
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E-552-0 STANDARD FEATURES 


Single turn speed control potentiometer 
Adapatable to a external voltage to control speed 


E-552-0 OPTIONS 


10 turn potentiometer 
Forward-stop-reverse switch (rotary) 
High accuracy speed-torque readout 


E-552 MG 


E-552 MG STANDARD FEATURES 


1/20 HP 

Stainless steel shaft 

Separate motor and tach-generator windings 

Temperature compensated generator 

Shielded ball bearings 

Flange or base mounting 

Unique negator brush design applies constant brush 
pressure 

Fully enclosed all metal housing 

Bi-directional 


E-552 MGH STANDARD FEATURES 
Precision low backlash gearhead (typical 1°) 
Flange mounting 

Precision die cast gear housing 

Ball bearings 

Output torque 9 to 90 inch-lbs. 


E-552 MGH 


RPM 
5000 a (ee aa 


4000 


3000 


2500 


2000 


1500 


1000 


500 


100 


50 


20 } 


5 


HOW TO READ THE 
SPEED REGULATION 
ZONE GRAPHS: 


Select the torque and rpm 
range, the data (% of 


regulation) is stated as a 
percentage of the set 
speed 


[_}99% of set speed 
F ]o8% of set speed 


sd 97% of set speed 


aes < 96% of set speed 


Intermittent duty 
only—consult ECC Eng 
neering Application Dept. 
for additional data. 


SPEED REGULATION ZONES 
FOR E-552-M, E552-0 


rd 
f | —— 
> a © 
= + : — 4 
—— : a 
0 4 6 8 1 


TORQUE O2Z-INCHES 
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E-586 


E586-0O CONTROL STANDARD FEATURES 


1000:1 speed range 5 to 5000 rpm 

Closed-loop completely transistorized velocity feed- 
back amplifier 

IR compensation (allows setting optimum regulation at 
speed below 10 rpm) 

Single turn speed control potentiometer 

115/230 VAC, 50/60 Hz line fuse and thermal circuit 
breaker protection. 
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OPTIONS 


High accuracy or (standard) speed torque readout 
10 turn potentiometer 

Forward-stop-reverse switch (rotary) 

Remote toruge limit potentiometer 


E-586 MG E-586 MGH 


HOW TO READ THE 
SPEED REGULATION 
ZONE GRAPHS: 


Select the torque and rpm 


F586 MG STANDARD FEATURES range; the data (% of Intermittent duty 


requiation) is stated as a only—consult ECC Engi 


percentage of the set neering Application Dept. 
1/1 O HP speed for additional data. 
Die cast end caps 
Nickel chrome plated motor and tachometer housing SPEED REGULATION ZONES 
Stainless steel shaft FOR E-586 CONTROL 
Flange or servo clamp mounting _ 
Separate motor and tach generator windings seal | | | 
Temperature compensated generator 4000 |- : | ——- = 
Shielded ball bearings — | 
Bi-directional veo |__| | —_ | ||| 
| 
=586 MGH STANDARD FEATURES 1500 | > + 
>recision low backlash gearhead (typical 1°) ond ee a ae ot en eee § —t 
Flange mounting soo |__| __| _| | 
>recision die cast gear housing _ | 
3all bearings | || 
Dutput torque 9 to 90 inch-Ibs ~~ | || 
4 a a | 
| A ee es (ee ee 


1 
TORQUE OZ-INCHES 
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E-586 BVC Control 


E586-B| DIRECTIONAL VELOCITY OR 
POSITION CONTROL 


STANDARD FEATURES: 


100:1 speed range 50 to 5000 rpm 

Closed-loop completely transistorized velocitv feed- 
back amplifier 

Adjustable torque limit 

Single turn-center tap-speed control potentiometer 

Position sensor potentiomer (bi-directional position 
system only) 

115/230 VAC, 50/60 Hz fuse and circuit breaker 
protection 
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E-586 MG 


HOW TO READ THE 
SPEED REGULATION 
ZONE GRAPHS: 


Select the torque and rpm 
range; the data (% of 
regulation) is stated as a 
percentage of the set 
speed, 


[_]99% of set speed 
FP Jo8% of set speed 
sd Q7% of set speed 
a < 06% of set speed 
TTT intermittent duty 


only—consult ECC Engi- 
neering Application Dept. 
for additional data. 


SPEED REGULATION ZONES 
E-586 BVC CONTROL 


10 


TORQUE O2Z-INCHES 


__\aeEEEEES 


— 


Velocity Feedback 


Command | ; | 
Command 
Position | : 
Shear nput | 
| Pze Bes ai 
ee 
| Output 
| 
Feedback | : 
ere | Electronics Package : 
Sensor Feedback Reference Supply (-/5 VDC) 4 


E586-BPC BI-DIRECTIONAL POSITION CONTROL SYSTEM 


Brief Description: 


The E586-BPC system is a position control system 
employing a high-gain, closed-loop electronic control. 
The input command can be any variable resistance or 
ungrounded reference DC voltage. The motor angular 
position of a potentiometer or any other error voltage 
source. Velocity feedback is employed to control the 
travel rate while the motor is ‘““homing in” on the 


desired position. 
System Specifications: 


The position accuracy of the system is limited by two 
variables: (1) the drift characteristics of the reference 
power supplies, and (2) the accuracy of the command 
and feedback signals. Using the potentiometer supplied 
with the standard E586-BPC, system accuracy is 
approximately 1% per revolution or 3.6°. Using improved 
power supply regulation and sensors, the accuracy can 
easily be improved to .1% per revolution or .36°. For 


high accuracy systems, please consult an Electro-Craft 


representative. 


The system travel speed is controlled by velocity feed- 
back from an integral tachometer and closed-loop 

servo. The standard E-586-BPC controls the motor to run 
up to 5,000 rpm during travel to the “‘target’”’ position. 


Command input can be accomplished in either of two 
ways: (1) a position setting on a potentiometer, using 
the E586-BPC reference power supply voltage, or (2) 
an ungrounded command voltage of 0 to +15 volts DC. 
Care must be exercised to insure that the input com- 
mand range is not greater than the feedback sensor 


output range. 


The feedback input requirements are similar to the 
command requirements and can be either a position on a 
potentiometer, using the feedback reference voltage 
source, or an ungrounded 0 to —15 volts DC signals. 
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E-652 Master 


E-652 Open Master 


E-652 MASTER AND E-652 OPEN MASTER 


1000:1 speed range 3 to 3000 rpm 

Closed-loop completely transistorized velocity feedback 
amplifier 

Adjustable torque limit 0-5 inch-lbs 

IR compensation (allows setting optimum regulation 
at speed below 10 rpm) 

Single polarity power is easily adaptable to DC power 
source 

115/230 VAC, 50/60 Hz line fuse and thermal circuit 
breaker protection 


E-652 MASTER STANDARD FEATURES 


High accuracy speed-torque readout (motor friction 
torque and the motor damping factor are nulled out) 

Forward-reverse switch (push botton) 

Dual concentric speed control potentiometer 

Remote input (external control of speed by a 
potentiometer or voltage source 0 to +10v) 
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E-652-0/M STANDARD FEATURES 


Single turn speed control potentiometer 

Adaptable to an external voltage to control speed 

Flat plate chassis is designed for a NEMA | enclosure 
(12 x 10 x 6 inches in size) 


E-652-0/M OPTIONS 


10 turn potentiometer 

10 turn dial 

Forward-stop-reverse switch (rotary) 
High accuracy speed-torque readout 
Remote torque limit terminals 


E-652 MG E-652 MGH 


E-652 MG STANDARD FEATURES SPEED REGULATION 


98% of set speed 
ZONE GRAPHS 


HOW TO READ THE [ _]99% of set speed 


3 97% of set speed 


1/5 HP sia: cin enim sacle eae < 96% of set speed 
Stainless steel shaft range, the data ot intermittent duty 
regulation) is stated as a only—consult ECC Engi 
Die cast end caps percentage of the set neering Application Dept 
Nickel chrome plated motor housing es ee 
pieunsing SPEED REGULATION ZONES 
Flange E-652-M — E652-0/M (E-652-MG) 
Base 
NEMA 42 CZ ace 
Shielded ball bearings 2500 
Bi-directional 
r > 2000 
Separate motor and tach generator windings 
Temperature compensated generator 1500 
1000 
E-652 MGH STANDARD FEATURES 500 
Precision low backlash gearhead - 
Flange mounting 50 
Die cast gear housing 
Ball bearings “ 
Output torque 26 to 400 inch-lbs 10 


TORQUE OZ-INCHES 
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E-710 E-670 MG 


E-670 MG STANDARD FEATURES OPTIONS 
1/2 HP (see speed regulation graphs) Speed torque readout © 
Stainless steel shaft Reverse-stop-forward switch (rotary) 
Separate motor and tach generator windings 220 VAC 50/60 Hz transformer 
Temperature compensated generator Adaptable to DC power supply 
Shielded ball bearings Ten turn potentiometer 
Bi-directional Ten turn dial (1-3/8 diameter) 
Mounting Ramp time extended to 1.5 seconds 
Flange 
Nema 42 CZ SPEED REGULATION ZONES 
Die cast and caps E-710 (670/596-MG) 


Nickel chrome plated motor housing 
E-710 STANDARD FEATURES 


1000:1 speed range 4 to 4000 rpm rated maximum 
torque 10 inch-lbs. 

Fixed frequency pulse width modulated amplifier 

Adjustable ramp generator 

Adjustable torque limit 

Single turn speed command potentiometer 

Flat plate chassis is designed for a Nema 1 or 12 
enclosure (14 x 12 x 8 inches in size) 

115 VAC 50/60 Hz. 


TORQUE OZ-INCHES 
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E-720 


E-703 MG 


E-703 MG STANDARD FEATURES 


1/2 HP (see speed regulation graphs) 
Stainless steel shaft 
Separate motor and tach generator windings 
Temperature compensated generator 
Shielded ball bearings 
Bi-directional 
Mounting 

Flange 

Nema 56 
Die cast end caps 
Nickel chrome plate motor housing 


E-720 STANDARD FEATURES 


400:1 speed range 5 to 2000 rpm rated maximum 
torque 17 inch-lbs 

Fixed frequency pulse width modulated amplifier 

Adjustable ramp geneator 

Adjustable torque limit 

Single turn speed command potentiometer 

Flat plate chassis is designed for a Nema 1 or 12 
enclosure (14 x 12 x 8 inches in size) 

115 VAC 50/60 Hz. 


OPTIONS 


Speed torque readout 
Reverse-stop-forward switch (rotary) 
220 VAC 50/60 Hz transformer 
Adaptable to DC power supply 

Ten turn potentiometer 

Ten turn dial (1-3/8 diameter) 

Ramp time extended to 1.5 seconds 


HOW TO READ THE [ 
SPEED REGULATION ae 


ZONE GRAPHS 


99% of set speed 
98% of set speed 

sed 97% of set speed 
Qo, 
Select the torque and rpm aT, bhai nia 


Intermittent duty 
regulation) is stated as a only—consult ECC Eng: 


range, the data (% of 


percentage of the set neering Application Dept. 
speed for additional data. 


SPEED REGULATION ZONES 
E-720 (703/796-MG) 


TORQUE OZ-INCHES 


nN 
“I 
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Digital Positioning Systems 


At Electro-Craft we're always looking for ways to provide the 
control equipment that you need to improve your products or 
to upgrade your manufacturing operations. 


Now, there’s a new dimension in position control available 
from Electro-Craft — The DPS Series Digital Positioning 
System. It’s a product of our own special brand of creativity, 
innovation and design excellence. 


The system is composed of three basic. components. 


THE INDEXER 


The core of the system is the indexer itself. We offer a choice 
of two basic models with a variety of control panel options 
and position displays. Generally, however, the indexer accepts 
commands in the form of parallel or serial digital words. 
These commands can be entered manually be setting the move 
length, speed and direction with thumbwheel switches 
and push buttons located on the front panel. Or, they may 
be generated by a computer, micro processor or a remote 
control panel. 


The indexer loads the commands into memory locations 


within the unit and generates instructions to the motor control. 


The position and speed of the motor are fed back to the 
indexer allowing it to monitor the execution of the commands 
and make corrections where necessary. 


Circuits and inputs in the indexer provide overtravel protection 
as well as jog and automatic return to home features. Indexers 
are available with or without digital absolute position displays. 


THE MOTOR CONTROL 


Three standard motor control types are available depending on 
the servo motor you choose and the application that you have 
in mind. 


The motor control takes the signal level instructions from the 
indexer and provides the power to drive the servo motor. 
Regenerative energy protection and short circuit protection 
are standard features of Electro-Craft’s motor controls. 


THE SERVO MOTOR 


With our Digital Positioning Systems, you can select from five 
standard high performance DC servo motors. With each you 
get smooth, jitter-free rotation even at speeds as low as five 
rpm. These motors, designed and manufactured by Electro- 
Craft, represent the state of the art in permanent magnet 
motor design. They are designed for the highest possible 
torque to inertia ratio, for maximum acceleration capability, 
and to be free of resonances and cogging at all speeds. 


THE TOTAL SYSTEM 


The system design is based on Electro-Craft’s vast experience 
in positioning systems. The design includes the lessons learned 
from over 1000 positioning systems installed over a six year 
period. The built-in flexibility enables us to provide, from 
stock, fifteen different performance ratings and over twenty- 
eight control options. Together with custom modifications, 
1500 versions are available almost guaranteeing that we can 
provide a system to meet your exact needs. 


THE ADVANTAGES 


Electro-Craft’s Digital Positioning Systems provide many 
advantages over other types of positioning systems. A few of 
the more important ones are: 


No external ramping of motor speed required. 


Acceleration and Deceleration are linear and indepen- 
dently adjustable. 


Motor rotation is smooth and jitter-free even at speeds as 
low as 5rpm. 


Position repeatability is better than four times the 
system resolution. 


The system is stable and free of resonances at all speeds. 


Shaft stiffness is very high, providing the full rated 
torque of the system for position errors of a fraction of 
a degree. 


The motor shaft does not vibrate or hunt between 
adjacent positions in the stopped mode. 


Torque output is independent of speed and load inertia. 


In combination, these components provide extremely accurate 
motion and position control for applications such as cut to 
length systems, scanning, machine tool feed drives and coil 
winders. All this provides you with standard, off the shelf 
positioning systems that can speed your production, increase 
your yield and improve the performance of your product. 


CONSTRUCTION AND DESIGN 


INDEXERS. Electro-Craft positioning indexers utilize a 
unique printed circuit card construction that eliminates all 
wiring from the equipment with the exception of the AC 
power cord. All external connections are made to connectors 
directly mounted on the printed circuit mother board. For 
convenience, pre-assembled cables with connectors are available. 


The design uses high noise immunity logic and a unique opto- 
electronic position feedback encoder that provides much 
higher immunity to noise pickup and false positioning than 
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other conventional devices. All systems are thoroughly tested 
and “burned in” for 48 hours prior to shipment. 


MOTOR CONTROLS. These units employ a unique open 
modular construction designed to give maximum accessibility 
for set up and system debugging. All adjustment and 
compensation changes are accomplished using variable controls, 
eliminating the need to unsolder and change electronic com- 
ponents. The control is self-contained. It requires standard 
AC power rather than a DC power supply and external trans- 
former as with other systems. 


The circuit design provides complete short circuit protection 
and a unique trip circuit to protect power components and 
minimize damage due to misuse or circuit failure. These 
controls are also “burned in” for 48 hours at full current prior 
to shipment. 


MOTORS. Electro-Craft servo motors include the latest in 
magnet, winding and insulation technology. Featuring U L 
Listed insulation systems, most motors are wound on automatic 
machinery to maintain consistent performance and quality 
levels. All motors are thoroughly inspected and run-in for 24 
hours in both directions prior to shipment. 


DESIGNED FOR PROFIT 


The Electro-Craft DPS Series is designed with just one thing in 
mind: increasing your profits. Whether you use it in your plant 
or build it into your product, DPS can provide the following 
benefits. 


Improved Accuracy — This means less waste, higher yields, 
higher consistency in output. If you build DPS into your 
product, it probably means that you can upgrade the perfor- 
mance specifications and get an edge on your competition or 
increase the value of your product. 


Higher Speeds — Increased throughput and higher production 
rates. Often replacing an existing system with DPS will 
eliminate a production bottleneck and help delay the need for 
a more expensive capital outlay. As with increased accuracy, 
increased speed adds to the marketability of your product 
when DPS is used as a component subsystem. 


Less Maintenance — A DPS will typically run for many years 
with no preventive maintenance and, in many cases, 
considerably longer. This means reduced downtime, less main- 
tenance and fewer service visits to your customers. 


The following case histories outline three examples of how 


DPS was able to increase the profits by waste reduction, 
increased throughput and product enhancement. 
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CASE HISTORY #] Customer A was using a mechanical system 


to feed wire plated with a precious metal in- 
WASTE REDUCTION to a machine which weaves it into a wire 
fabric. The mechanical system permitted a 
variation in the length of the wire of 1-2 
inches; consequently the feed length had to 
be set 2 inches longer than required and 
the wire trimmed after the weaving process. 
Result: thousands of dollars worth of the wire 
was scrapped every year. The customer in- 
stalled an Electro-Craft Digital Positioning 
system which enabled a feed accuracy of 
+0.005 inches which eliminated the trimming 
Operation and eliminated the scrap. The 
Bottom Line— the system paid for itself in less 
than six months and generated increased 
profits of thousands of dollars per year. 
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B used automatic embroidery 


Customer 


CASE HISTORY #2 


equipment to place monograms and custom 


INCREASED PRODUCTION 


Result: 


The system used 


a mechanical drive to position the garment 
under the embroidery needles and was limited 


emblems on garments 
to a rate of 300 stitches per minute 


garment took more than five 


a typical 
minutes to embroider 


-Craft 


An Electro 
Digital Positioning System with a positioning 


rate of 1000 stitches per minute was in- 


stalled 


speeding up production by more than 


, 


The Bottom Line —the 


Craft System 
of garments per hour by a factor of three 


and the solid state nature of the system en- 
abled the machines to be connected directly 


a factor of three. 


Electro 


increased the number 


up time 
in profits. 
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CASE HISTORY #3 
PRODUCT ENHANCEMENT 


Customer C manufactures automation equip- 
ment for newspaper and magazine composing 
rooms. The biggest bottleneck in type 
composition was the conversion of the elec- 
tronic signals representing type size, spacing, 
line length and actual alphanumeric charac- 
ters generated by a computer into hard copy. 
Working with Electro-Craft’s engineering 
staff, the customer developed a system which 
used a custom DPS to position a mirror which 
reflects the optically projected characters 
onto a photographic paper. The DPS was able 
to position the characters within thousandths 
of an inch at a rate of about 100 characters 
per second. The Bottom Line — the customer 
was able to bring to the market the fastest 
machine of its type and enjoyed a level of 
success that would not have been possible 
with a slower system. As a side effect, 
thousands of newspapers and magazines 
around the world were able to reduce the 
time involved and the cost of type setting. 
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PERFORMANCE SUMMARY 


Max Speeds up to 4000 rpm 

Max load inertia up to 0.500 oz. in. s? 

Max peak torque up to 1200 oz. in. 

Max RMS torque up to 375 oz. in. 

Max resolution up to 1250 units per revolution 

Position accuracy and repeatability up to 4 times the resolution. 


This data represents the best of what can be provided, there 
are trade-offs between the various performance parameters. 
Consult the buying guide for detailed specifications of 
individual systems. 
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REMOTE ONLY INDEXERS 


These units take their position commands from a remote source pro- 
vided by you. They can be remote mounted switches and push buttons 
or the output from a computer. 


REMOTE ONLY MODELS RO 


Front Panel Front Panel Remote Remote 
Function 


Control Indicator Input Output 

Power XX xX N/A N/A 
Standby/Run N/A N/A XX N/A 
Move Length N/A N/A xX N/A 
Speed N/A N/A xX N/A 
Direction N/A N/A XX N/A 
Start N/A N/A xX N/A 
Motion Complete N/A N/A N/A XX 
Jog N/A N/A XX N/A 
Return Home N/A N/A XX XX 
Remote/Local N/A N/A N/A N/A 
Digital Speed N/A N/A XX N/A 
Reset N/A N/A XX N/A 
Over Travel N/A N/A xX N/A 
Optional Position 

Display N/A N/A N/A XX 


N/A Control or indicator not available on this model. 


All control functions can be commanded from switches mounted on 
the front of the INDEXER. Lighted push buttons are used to indicate 
the status of the system. A choice of models allows various combina- 
tions of the input commands to be transferred from the front panel 
control to a remote source by a local/remote switch. 


LOCAL ONLY MODEL ____ LO _ 
Front Panel Front Panel Remote Remote 

Function Control Indicator Input Output 
Power XX N/A N/A N/A 
Standby/Run xX xX xX N/A 
Move Length XX N/A N/A N/A 
Speed x N/A > 4 N/A 
Direction Xx XX 4 XX 
Start Xx N/A Xx N/A 
Motion Complete N/A XX N/A XX 
Jog 4 N/A x N/A 
Return Home 4 XX x XX 
Remote/Local Xx XX N/A x X 
Digital Speed N/A N/A N/A N/A 
Reset XX N/A XX N/A 
Over Travel N/A N/A XX N/A 
Optional Position 

Display N/A XX N/A XX 


» 4 Control or indicator that functions only when remote/local switch 
is in appropriate position. 

XX Control or indicator that functions regardless of position of 
remote/local switch. 

N/A Control or indicator not available on this model. 


LOCAL/REMOTE MODEL ___ LR _ 
Front Panel Front Panel Remote Remote 

Function Control Indicator Input Output 
Power XX N/A N/A N/A 
Standby/Run XX xX X xX XX 
Move Length Xx N/A 4 N/A 
Speed 4 N/A x N/A 
Direction > 4 XX x XX 
Start Xx N/A X N/A 
Motion Complete N/A xX X N/A XX 
Jog x N/A Xx N/A 
Return Home x Mx Xx XX 
Remote/Local XX xX X N/A XxX 
Digital Speed N/A N/A x N/A 
Reset 4 N/A XX N/A 
Over Travel N/A N/A xX N/A 
Optional Position 

Display N/A XX N/A XX 


x Control or indicator that functions only when remote/local 
switch is in the appropriate position. 

XX Control or indicator that functions regardless of position of 
remote/local switch. 

N/A Control or indicator not available on this model. 


MOTOR CONTROLS 


The standard version of the motor control is an open unit designed to 
be built into a machine or enclosure. 


Optional bench type, rack type and Nema 12 industrial enclosures 
are available. 


The motor controls are completely self-contained for operation from 
standard AC power and require no external transformer or power 


supply. 
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ENCLOSURES POSITION DISPLAYS 


Rack mount adapters and Nema 12 industrial enclosures can be Bright L.E.D. digital displays are available to indicate the absolute 
position of the system. Two displays can be driven from each indexer 


i he motor controls and indexers. , 
RARE Eee eee and they can be mounted in the indexer enclosure or remote from it. 
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MOTORS 


Five different frame sizes are available to match your applications. 
Detailed performance data is available in the DPS buying guide. 


MT703 


This is the work horse of the line, |t provides the highest torque rating 
and is used in applications where the load to be positioned is relatively 
heavy. 


MT 1450 


This is the highest performance motor in the line and is designed 
specifically for those applications where rapid acceleration is essential. 
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MT400 


Like the MT1450, this motor is designed for rapid acceleration; however, , 
the MT400 is suited to applications where the load to be positioned is These two motors are mid-range performance and are used where a light 
quite light. load must be positioned at a higher speed. 


127 


Digital Positioning Systems — 
precise motion and control and more. 


At Electro-Craft, we believe that providing you with depend- 
able, precise motion control systems is only part of the job. 
You need a source you can rely upon; a manufacturer that can 
deliver what you need, when you need it. And, a manufacturer 
that stands behind the products it sells with service and 
technical support. 


Precision when you need it. 


All of the basic Digital Positioning Systems described in this 

brochure are in stock and can be delivered to you in a few 
weeks or less. Systems requiring modifications can usually be 
delivered within six to twelve weeks, depending upon design. 


Service and support, in depth. 


The Electro-Craft Applications Engineering Department is at 
your disposal to help you select the Digital Positioning System 
you need. They are experts who draw upon thousands of 
field applications and are thoroughly familiar with all Electro- 
Craft products. And, you will also find that your local Electro- 
Craft sales engineer can provide you with knowledgeable, 
on-the-spot assistance. | 


Once you have found the system that fits your application, 
Electro-Craft field engineers can provide you with complete 


start-up assistance. And, after your system is in operation, 
you'll find that replacement parts and a complete field repair 
service are always available. 


WANT TO KNOW MORE? 


Send for the Electro-Craft Digital Position Systems buying 
guide. It’s packed with detailed specifications and a complete 
price list. Or, if you are ready to get to work on your system, 
Applications Engineering assistance is available by contacting 
your local Electro-Craft Sales Office or by calling the plant 
direct at 612/931-2700. 


Case histories described in this section represent actual examples where DPS js being used or is under evaluation. 
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Absolute encoder 
Acceleration 

angular 

controlled 

from stall 

linear 

torque 
Accuracy 
Air flow impedance 
Ambient temperature 
Amplifier 

current 

linear 

pulse-frequency modulation 

pulse-width modulation 

SCR 

servo 

switching 

transfer function 
Angular acceleration 
Angular degree 
Angular displacement 
Angular frequency 
Angular velocity 
Armature 

cup 

moving coil motor 

reaction 

resistance 

shell 


Ball lead screw 
Bandwidth 

Bearing noise 
Belt-pulley drive 
Biasing, flux 
Bidirectional control 


Index 


4-20 

1-1 

1-10 

3-19 

1-10 

1-4 

5-66 

5-4 

2-85 

1-1 

3-12 

4-16 
3-12, 4-31 
3-20 

3-22 
3-25, 4-32 
4-31 
3-20, 4-32 
4-8 

1-10 

1-11 

1-10 

1-11 

1-11 

2-4 

2-56 

2-57 

1-1, 2-52 
2-44 

2-56, 2-57 


1-3 
1-1, 4-29 
2-50 
4-75 

1-2 

3-6 


Block diagram 

Bode plot 

Braking, dynamic 
Break frequency 
Brush contact losses 


Brushless motor 
characteristics 
commutation 
comparisons 
constants 
control 
definition 
digital positioning 
examples 
incremental motion 

Brushless tachometer 

Brush life 

Brush noise 

Brush pressure 

Brush wear 


Capacitance 
Capacitive feedback 
Capstan optimization 
Celcius-Fahrenheit conversion 
Characteristic equation 
Circulating current 
Clockwise rotation 
Closed-loop control 
Closed-loop transfer function 
Coercivity 
Cogging 
Commutation 

brushless 


sensor systems 
Commutator 


Compound motor 


1-1 

1-1 

1-2, 3-9, 3-18 
1-1 

2-29 

6-1 

6-26 

6-5 

6-3, 6-30, 6-31 
6-23 

6-7 

6-3 

6-31 

6-25 

6-32 

6-24, 6-29 
2-51 

2-50 

2-51 

2-50 


1-4 
4-67 
4-59 

A-23 
1-1, 4-9 


I-2 


Continuous mode 5-2 
Control. 
bidirectional 3-6 
brushless motor 6-7 
closed-loop 3-5 
four quadrant 3-6 
hybrid 4-21, 4-25 
open-loop 3-1, 3-2 
position 4-21, 4-23 
power 6-21 
pulsed 2-42, 3-20, 3-22, 6-21 
single quadrant 3-7 
sinusoidal 6-18 
torque 4-21, 4-25 
trapezoidal 6-19 
troubleshooting 4-88 
unidirectional 3-1 
velocity 3-7, 4-21 
Controlled variable 5-1 
Conversion factors and tables A-11 
Counterclockwise rotation 1-4 
Counter emf 1-4 
Coupling ratio 1-1. 
optimization 4-54 
Critical damping 1-1, 4-27 
Critical speed 2-49, 2-64 
Critical speed resonance 2-64 
Crossover frequency 1-1 
Cup armature 2-56 
Current 1-5 
amplifier 4-16 
circulating 1-1 
demagnetization 2-76 
no-load 2-75 
DAARC motor 2-68 
Damping 1-1, 4-27 
constant 1-6 
critical 1-1, 4-27 
ratio 1-2 
viscous 1-4 
d’Arsonval 2-56 
DC motor theory 2-1 
Dead band 1-2 
Deceleration control 
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Decibel 
Demagnetization 
current 
Diagram, block 
Dielectric test 
Differential compound motor 
Digital codes 
Diode 
fly-back 
light-emitting 
Disc armature motor 
Disc, encoder 
Displacement 
angular 
linear 
profiles 
Duty cycle 
Dynamic balancing and noise 
Dynamic braking 
Dynamic equation 


Eddy current losses 
Efficiency 
Electrical equations 
Electrical time constant 
Electro-optical switch 
Electromagnetic induction 
emf 
Encoder 
absolute 
incremental 
linear 
modular 
multi-turn 
End play 
Energy (work) 
Equation 
characteristic 
electrical 
dynamic 
Error, encoder 
Error size 


Fahrenheit-Celcius conversion 
Fall time 
Faraday, Michael 


1-4 

2-52, 5-12 
2-65, 2-76 
1-1 

1-2, 2-107 
2-12 

7-8 


6-12 
6-20 
2-57 
7-1, 7-7 


1-10 
1-9 
5-58 
2-11 
2-49 


1-2, 3-9, 3-18, 5-19, 5-24 


2-17 


2-30 

1-2, 1-10, 2-80 
2-16 

1-2, 1-11, 2-19, 2-78 
6-20 

2-3 

1-4 

4-19, 4-61, 7-1ff 
4-20, 7-3 

4-19, 7-2 

7-4 

7-6 

7-6 

2-71 

1-9, 2-2 


1-1, 4-9 
2-16 
2-17 
7-15 

5-5 


A-23 
1-2,1-8 
2-1, 2-4 


Feedback, capacitive 
Field weakening 
Flux biasing 
Flux density, magnetic 
Force 

friction 

magnetomotive (mmf) 
Form factor 
Four-quadrant control 
Fractional hp motor 
Frequency 

break 

crossover 

response 
Friction 

force 

torque 
Full load current 
Full load speed 


g 

Gain 
loop 
margin 


Gear ratio selection 


Generator (see also tachometer) 


compensated 
dielectric test 
inspection 
linearity 

load effects 
moving coil 
output impedance 
permanent magnet 
ripple 
shunt-wound 
stability 

stable 


temperature coefficient 


temperature effects 
testing 
troubleshooting 
ultrastable 
uncompensated 
voltage gradient 
voltage polarity 


4-67 
1-2 
1-2 
1-4 
1-5 
1-4 
2-5 

1-2, 6-22 
3-6 

2-11 
1-4 
1-1 
1-1 

2-82 

2-31 
1-5 

2-74 
1-2 
1-2 


1-5 
1-2, 1-4 

1-3 
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4-73, 5-16 
2-94, 6-34 
2-100 

2-107 
2-110 
2-101,2-107 
2-101 

2-96 

2-104 

2-96 

2-104, 2-105 
2-96 

2-108 
2-100 
2-106 

2-99 

2-104 

2-111 
2-100 
2-100 
2-104 
2-104 


H type output stage 
Hall effect sensing 
Hunting 

Hybrid motor 
Hysteresis 


Impedance 
at stall 
Incremental 
encoder 
mode 
motion applications 
motion system 
motor selection 
Inductance 
selection 
test 
Induction, electromagnetic 
Inertial match 
Inspection 
generator (tachometer) 
motor 
Integral hp motor 
Inverse Laplace transformation 


Lag network 
Laplace transformation 
Lead network 
Lead screw 

application 

ball 

drive 
Light sensor 
Light source 
Linear acceleration 
Linear displacement 
Linear Variation Differential 

Transformer (LVDT) 

Linear velocity 
Linearity 
Load sensitive losses 
Locking range 
Loop gain 
Low-pass filter 


4-31 
6-20 

1-2 
2-67 
2-31 


1-9 
2-16 


4-19 
5-2 

5-58 

1-2 

4-62, 5-63 
1-6 

4-43 

2-73 

2-3 

1-2 


2-110 
2-87 
2-11 

4-1, 4-2 


1-2 
1-5, 2-16, 4-1 
1-3 
1-3 
5-60 
1-3 
4-76 
1 
7-1 
1-4 
1-9 


4-19 

1-9 

1-3, 2-101, 2-107 
2-29 

4-63 

1-3 

4-61, 4-63 
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Magnetic circuit principles 


2-4 
Magnetic field 2-11 
intensity 1-5, 2-5 
Magnetic flux 1-11, 2-5 
density 1-4, 2-3, 2-5 
Magnetomotive force (mmf) 2-5 
MCM (trademark) 2-56 
Mechanical time constant 1-3, 1-11, 2-19 
2-79, 4-48 
Metric motors 6-60 
Metric system (SI) 1-12, A-1 
Moment of inertia 1-5, 2-72, A-18 
Motomatic Control System 
Laboratory (MCSL) 6-66 
Motomatic Experimenter 6-68 
Motomatic Servo Control 
Course Manual 6-68 
Motomatic systems 6-42 
Motor 
air flow impedance 2-85 
applications 5-29 
brushless (see Brushless motor) 
compound 2-12 
constant — 1-3, 1-6 
DAARC 2-68 
DC servomotors 6-2 
DC servomotors-generators 6-25 — 
DC theory 2-1 
demagnetization current 2-65, 2-76 
differential compound 2-12 
disc armature 2-57 
efficiency 1-2, 1-10, 2-80 
electrical time constant 1-2, 1-11, 2-19, 2-78 
end play 2-71 
fractional hp © 2-11 
frequency response 2-82 
friction torque 2-74 
hybrid 2-67, 6-38 
incremental motion 4-62, 6-32 
inductance 1-6, 2-73 
~ inspection 2-87 
integral hp 2-11 
life 2-51 
low inertia 6-22 
magnetic field 2-11 


mechanical time constant 


metric 
moment of inertia 
moving coil (see also Moving 
coil motor) | 

no-load current 
no-load speed 
no-load voltage 
permanent magnet 
printed 
radial play 
resistance 
self excited 
servo application 
shaft runout 
shell armature 
shunt 
speed regulation constant 
split-series 
starting current 
stepper 
Straight-series 
testing 
thermal characteristics (DC) 
thermal resistance 
thermal time constant 
torque constant 
torque ripple 
transfer function 
troubleshooting 
variable Ky 
voltage constant 
wound-field 

Mounting 
generator (tachometer) 
motor 


Moving coil generator (tachometer) 


Moving coil motor 
armatures 
demagnetizing current 
ratings 
resonant phenomena 
thermal properties 


1-3, 1-11, 2-19 
4-67 
6-60 
2-72 


2-56 

2-75 

1-3, 2-75 
2-75 

2-11, 2-13, 4-85 
2-57 

2-71 

2-73, 2-83 
2-11 

4-85 

2-72 

2-57 

2-11 


1-3, 1-6, 2-28, 2-80 


2-11 
2-74 

6-31 

2-11 

2-71 

2-37 

2-83 

2-84 

1-6, 2-45, 2-76 
1-3, 2-80 

1-5, 4-5, 2-17 
2-88 

2-66 

1-6, 2-45, 2-77 
2-4, 2-11, 2-66 


2-97 

2-48 

2-96, 2-105 
2-56, 2-59, 6-24 
2-58, 2-64 

2-65 

2-59 

2-63 

2-61 


Network 
lag 
lead 
Noise 
bearing 
brush 
dynamic balancing 
side loading 
No-load current 
No-load speed 
No-load voltage 


Open-loop control 
Open-loop transfer function 
Optimizaton 
capstan 
coupling ratio 
incremental motor 
velocity profile 
Output impedance, generator 
Output stage 
Overdamped response 


Permanent magnet generator 
(tachometer) 

Permanent magnet motor 

Permeability 

Permittivity 


PFM (pulse frequency modulation) 


Phase angle 
Phase comparator 
Phase-locked servo system 


Phase margin 
Phototransistor 


Plot, Bode 
Pole 
shoe 
Potentiometer 
Power 
control methods 
pulsed 
pump-up 
Power dissipation 
constant velocity 


1-2 

1-3 

2-49 
2-50 
2-50 
2-49 
2-50 
2-75 

1-3, 2-75 
2-75 


3-1, 3-2 
4-9 
4-52 
4-78 
4-73 
4-81 
4-71 
2-104 
4-31 
4-27 


2-96 

2-11, 2-13, 4-66 
1-10, 1-11, 2-5 
1-10 

3-20 

1-11 

4-59 

4-59 

1-3 

6-20 

1-1 

1-3 

2-54 

4-18 

2-2 

6-21 

2-42 

6-15 

2-29, 2-32, 4-45 
2-32 


incremental motion 2-34 


Printed motor 2-57 
Pulsed power 2-42 
Pulse frequency modulation 3-20, 6-21 
Pulse width modulation (PWM) 3-20, 3-22, 6-21 
Radial play 2-71 
Radio frequency sensing 6-20 
Ratio, coupling 1-1 
Reactance 1-9 
Reaction, armature 1-1 
Recovery time 5-5 
Resistance 1-7 
armature 2-44 
temperature coefficient of 1-11 
test 2-73 
Resonance 
critical speed 2-64 
moving coil motor | 2-63 
torsional 2-20, 4-29 
Reversib'e speed control 3-18 
Reversing time (theoretical) 1-8 
RF sensing 6-20 
Ripple 
generator (tachometer) 2-104 
moving coil tachometer 2-105 
torque 1-3 
Root locus 4-8 
Rotation 
clockwise 1-4 
counterclockwise 1-4 
Runout, shaft 2-72 
Safe Operating Area Curve (SOAC) 1-3, 2-37, 2-60 
SCR (thyristor) 3-1 
amplifier 4-32 
controls 3-25 
switching 3-20 
Self-excited motor 2-11 
Servo 4-1 
amplifiers 4-31 
components 4-15 
motor selection 4-66 
phase-locked 1-3, 4-59 
systems 4-21, 4-59 
theory 4-1 


I-5 


Settling time 

Shaft runout 

Shell armature 
Short circuit current 
Shunt motor 


Shunt-wound generator 


SI (metric) system 
Side loading noise 


1-8 

2-72 

2-56, 2-57 
2-31 

2-11 

2-96 

1-12, A-1 
2-50 


Silicon controlled rectifier (see SCR) 


Single quadrant control 


Sinusoidal control 
Skeins 
Slewing 


Slew speed, rate (encoder) 
SOAC (safe operating area curve) 


Speed control 
bidirectional 
closed-loop 
open-loop 
reversible 
SCR (thyristor) 
unidirectional 

Speed, no-load 

Speed regulation 

Speed sensitive losses 

Speed stability 

Speed-torque curve 

Split-series motor 

Stability, generator 

Starting current 

Step motor 

Straight-series motor 

Switching amplifier 

Switching frequency 

system 
order 
stiffness 
troubleshooting 


type 


T type output stage 


3-7 

6-18 

2-57 

5-68 

7-11 

1-3, 2-37, 2-60 


3-6 


3-5 
3-1, 3-2 

3-18 

3-1, 3-25 

3-1 

1-3, 2-75 

1-3, 1-6, 2-28, 2-80, 5-17 
2-32 

5-18 

2-27 

2-11 

2-108 

2-74 

6-3, 6-31 

2-11 

3-20, 4-32 

4-45 


4-31 


Tachometer (see also Generator) 2-94, 4-17, 6-34 


compensated 
dielectric test 
electronic 
inspection 


2-100 
2-107 

5-24 
2-110 


linearity 

load effects 
moving coil 
output impedance 
permanent magnet 
ripple 

shunt wound 
Stability 

stable 


temperature coefficient 


temperature effects 
testing 
troubleshooting 
ultrastable 
uncompensated 
voltage gradient 
voltage polarity 
Temperature 
ambient 
coefficient 
conversion table 
hot-spot 
Testing 
generator 
motor 
Thermal 
equations 
flux 
resistance 
time constant 
Thyristor (see SCR) 
Time constant 
electrical 
mechanical 
thermal 
Torque 
constant 
conversion factors 
derating 
generation 
limiting 
meter 
ripple 
speed-torque curve 
Torque-Power-Speed 
Torsional resonance 


2-101, 2-107 
2-101 
2-96 
2-104 
2-96 
2-104, 2-105 
2-96 
2-107 
2-100 
2-106 
2-99 
2-104 
2-111 
2-100 
2-100 
2-104 
2-104 
1-10, 1-11 
1-1 

2-106 
A-23 

2-11 


2-104 
2-71 


2-39 

1-7 

2-83 

1-11, 2-84 


1-2, 1-11, 2-19, 2-78 


1-3, 1-11, 2-19, 2-79, 4-67 


1-11, 2-84 

1-8, 1-9, 2-1, 2-7 
1-6, 2-45, 2-76 
A-19 

2-46 

6-18 

3-17, 5-20, 5-24 
6-25 

1-3, 2-80, 6-28 
2-27, 6-27 
A-17, A-21 
2-20, 4-29 


Transfer function 1-3, 1-5, 2-17, 4-3, 4-5,4-8 


4-9, 4-42 
Transformer, linear variation differential 
(LVDT) 4-19 
Troubleshooting 
generator (tachometer) 2-111 
motor 2-88 
systems and controls 4-88, 5-98 
Ultimate winding temperature 5-9 
Underdamped response 4-27 
Unidirectional control 3-1 
Unstable response 4-27 
Variable K+ motor 2-66 
Variac 3-1 
Velocity 


acquisition 
contro! 
linear 
profile 
Viscous damping factor 
Voltage 
amplifier 
constant 
gradient 
no-load 
polarity 


Whip 

Windage 

Winding losses 
Work (energy) 
Wound-field motor 


Zero 


4-63 
3-7, 4-21 
1-9 

2-34, 4-71 
1-4 

1-9, 2-6 
4-16 

1-6, 2-45 
2-104 
2-75 
2-104 


2-65 

2-31 

2-29 

1-9, 2-2 

2-4, 2-11, 2-66 
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